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(57)  An example semiconductor device is a SiC
semiconductor device, including a buffer layer, a first
conductivity type semiconductor layer on a first surface
of the buffer layer, a second conductivity type well re-
gion in the first conductivity type semiconductor layer, a
first conductivity type well region in the second conduc-
tivity type well region, a gate electrode adjacent to the
second conductivity type well region, a gate insulating
layer between the gate electrode and the second con-
ductivity type well region, a first electrode on the first
conductivity type well region, and a second electrode
on a second surface of the buffer layer, the second sur-
face being opposite the first surface. The buffer layer
includes a first buffer layer including a first element
homologous to Si, and, in the first buffer layer, the con-
tent of the first element is 10 at% to 50 at%.
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Description
BACKGROUND

[0001] In modern society, semiconductor devices are
closely related to everyday life. In particular, the impor-
tance of power semiconductor devices used in various
fields such as transportation fields including electric ve-
hicles, railroads, electric trams, renewable energy sys-
tems such as solar power generation and wind power
generation, and mobile devices is gradually increasing.
A power semiconductor device is a semiconductor de-
vice used to handle high voltage or high current, and
performs functions such as power conversion and con-
trol in large-scale power systems or high-output elec-
tronic devices. A power semiconductor device has the
ability to handle high power and durability, and may
handle a large amount of current and withstand high
voltage. For example, a power semiconductor device
may handle a voltage of several hundred volts to sev-
eral thousand volts and a current of several tens of
amperes to several thousand amperes. A power semi-
conductor device may minimize power loss to improve
the efficiency of electric energy. In addition, the power
semiconductor device may be stably operated even in
environments such as high temperature.

SUMMARY

[0002] The present disclosure relates to a semicon-
ductor device having improved electrical characteristics
and reliability by preventing a dislocation from propa-
gating to an upper layer.

[0003] Power semiconductor devices may be classi-
fied according to materials being used, such as silicon
carbide (SiC) power semiconductor devices and gal-
lium nitride (GaN) power semiconductor devices. SiC
or GaN power semiconductor devices may compensate
for disadvantages of silicon having unstable character-
istics at high temperatures. For example, SiC power
semiconductor devices may be resistant to high tem-
peratures, may have low power loss, and may be suita-
ble for electric vehicles, renewable energy systems,
and the like.

[0004] In some implementations, a semiconductor
device is a SiC semiconductor device, including a buf-
fer layer, a first conductivity type semiconductor layer
on a first surface of the buffer layer, a second conduc-
tivity type well region in the first conductivity type semi-
conductor layer, a first conductivity type well region in
the second conductivity type well region, a gate elec-
trode adjacent to the second conductivity type well re-
gion, a gate insulating layer between the gate electrode
and the second conductivity type well region, a first
electrode on the first conductivity type well region, and
a second electrode on a second surface of the buffer
layer, which is an opposite surface to the first surface.
The buffer layer includes a first buffer layer including a
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first element that is homologous to Si, and the content
of the first element in the first buffer layer is 10 at% to
50 at%.

[0005] In some implementations, a semiconductor
device is a SiC semiconductor device, including a buf-
fer layer, a first conductivity type semiconductor layer
on a first surface of the buffer layer, a second conduc-
tivity type well region in the first conductivity type semi-
conductor layer, a first conductivity type well region in
the second conductivity type well region, a gate elec-
trode adjacent to the second conductivity type well re-
gion, a gate insulating layer between the gate electrode
and the second conductivity type well region, a first
electrode on the first conductivity type well region, and
a second electrode on a second surface of the buffer
layer, which is opposite to the first surface. The buffer
layer includes a first buffer layer and a second buffer
layer including SiquC1_p_q, where X is an element
homologous to Si, and where in the first buffer layer,
the composition of SiquC1_p_q is p>0, 0.1<g<0.5, and
in the second buffer layer, the composition of SiquC1_p_
qis p>0, 0<g<0.01.

[0006] In some implementations, a semiconductor
device is a SiC semiconductor device, including a buf-
fer layer, a first semiconductor layer of a first conductiv-
ity type sequentially stacked on a first surface of the
buffer layer, a second semiconductor layer of a second
conductivity type, a third semiconductor layer of the first
conductivity type, and a fourth semiconductor layer of
the second conductivity type, a gate electrode on an
upper surface of the second semiconductor layer or
the third semiconductor layer, a first electrode on an
upper surface of the fourth semiconductor layer, and a
second electrode on a second surface of the buffer
layer, which is an opposite surface to the first surface,
and the buffer layer includes a first buffer layer includ-
ing a first element homologous to Si, and a content of
the first element in the first buffer layer is 10 at% to 50
at%.

[0007] In some implementations, it may be possible
to improve the electrical characteristic and reliability of
a semiconductor device by preventing dislocation from
propagating to the upper layer.

[0008] At least some of the above and other features
of the invention are set out in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009]

FIG. 1 is a cross-sectional view of an example of a
semiconductor device.
FIG. 2 is a cross-sectional view of an example of a
semiconductor device.
FIG. 3 is a cross-sectional view of an example of a
semiconductor device.
FIG. 4 is a cross-sectional view of an example of a
semiconductor device.
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FIG. 5 is a cross-sectional view of an example of a
semiconductor device.

FIG. 6 is a cross-sectional view of an example of a
semiconductor device.

FIG. 7 is a cross-sectional view of an example of a
semiconductor device.

FIG. 8 is a cross-sectional view of an example of a
semiconductor device.

FIG. 9 is a cross-sectional view of an example of a
semiconductor device.

FIG. 10 is a cross-sectional view of an example of
a semiconductor device.

FIG. 11 is a cross-sectional view of an example of
a semiconductor device.

FIG. 12 is a cross-sectional view of an example of
a semiconductor device.

FIG. 13 is a cross-sectional view of an example of
a semiconductor device.

FIG. 14 is a cross-sectional view of an example of
a semiconductor device.

FIG. 15 is a cross-sectional view of an example of
a semiconductor device.

FIGS. 16, 17, 18, 19, 20, 21, 22, and 23 are cross-
sectional views illustrating an example of a method
of manufacturing a semiconductor device.

DETAILED DESCRIPTION

[0010] Hereinafter, various implementations of the
present disclosure will be described in detail with refer-
ence to the accompanying drawings so that those hav-
ing ordinary skill in the art to which the present disclo-
sure pertains may readily carry out the disclosure. The
present disclosure may be implemented in various dif-
ferent forms and is not limited to the implementations
described herein.

[0011] In order to clearly explain the present disclo-
sure, portions not related to the description have been
omitted, and throughout the entire specification, the
same reference numerals are assigned to identical or
similar components.

[0012] In addition, the size and thickness of each
component shown in the drawings are illustrated arbi-
trarily for convenience of explanation, and the present
disclosure is not necessarily limited to what is depicted.
The thicknesses are illustrated in an enlarged manner
in the drawings in order to clearly represent various
layers and regions. In the drawings, for convenience of
explanation, the thicknesses of some layers and re-
gions are exaggerated.

[0013] In addition, when a part such as a layer, film,
region, or plate is described as being on or above an-
other part, this includes not only cases where it is di-
rectly on the other part, but also cases where another
part is positioned therebetween. Conversely, when it is
stated that a certain part is "directly on" another part, it
means that there is no other part in between. In addi-
tion, stating that it is "on" or "above" a reference part
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means that it is positioned above or below the refer-
ence part, and does not necessarily mean that it is
"on" or "above" in a direction opposite to gravity. The
terms "upper"”, "middle", "lower" may refer to relative
positions along a particular direction (e.g. a vertical di-
rection, or Z direction). For instance, a Z direction may
be defined perpendicular to one or more layers, and the
Z direction may be a vertical, or height, direction. Var-
ious directions (e.g. vertical direction, horizontal direc-
tion, etc.) may be defined relative to the structure of the
devices described herein. It will be appreciated that
these directions do not necessarily imply any particular
orientation of the device in use.

[0014] In addition, throughout the specification, when
a part is referred to as "including" a certain component,
this means that, unless specifically stated otherwise,
the component does not exclude the presence of other
components but may further include other components.
[0015] In addition, throughout the specification, "in a
plan view" refers to when the target portion is viewed
from above, and "in a cross-sectional view" refers to
when the cross-section of the target portion, cut verti-
cally, is viewed from the side.

[0016] As used herein, the terms "substantially,"
"about," and similar terms are used as terms of approx-
imation and not as terms of degree, and are intended to
account for the inherent variations in measured or cal-
culated values that would be recognized by those of
ordinary skill in the art. Parameters and/or ends of
ranges that are quoted as being "about" a certain value
(e.g. "about X") may be considered equal to that value
(e.g. "equal to X"). Nevertheless, any values quoted
herein may include variations of that value within com-
monly accepted errors, margins and/or tolerances (e.g.
manufacturing tolerances). For instance, any values
quoted herein may also cover variations within =5% or
+10%.

[0017] As used herein, the singular forms "a", "an",
and "the" are intended to include the plural forms as
well, unless the context clearly indicates otherwise. Ad-
ditionally, the description may be specific to a portion of
the semiconductor device and the described structure
may be repeated in other portions of the semiconductor
device. For example, the described structure may be
an individual element of an array of elements forming
the semiconductor device. Accordingly, where the
structure of a single element of a plurality of elements
has been described, this structure may equally apply to
other elements of the plurality of elements.

[0018] Hereinafter, a semiconductor device will be
described with reference to FIG. 1.

[0019] FIG. 1 is a cross-sectional view of an example
of a semiconductor device.

[0020] The semiconductor device may be a SiC
semiconductor device. The semiconductor device may
include at least one SiC-based semiconductor layer
formed on a SiC substrate, and at least one well region
formed in the semiconductor layer, and may further in-
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clude a plurality of electrodes electrically connected to
the semiconductor layer and the well region. The semi-
conductor device may not include a SiC substrate in
the final structure, but at least one semiconductor layer
and at least one well region may include SiC.

[0021] As illustrated in FIG. 1, a semiconductor de-
vice includes a buffer layer 510, a first conductivity type
semiconductor layer 133 (e.g., a semiconductor layer
of a first conductivity type) positioned on a first surface
510a of the buffer layer 510, a second conductivity type
well region 135 (e.g., a well region of a second conduc-
tivity type) positioned within the first conductivity type
semiconductor layer 133, a first conductivity type well
region 137 (e.g., a well region of the first conductivity
type) positioned within the second conductivity type
well region 135, a gate electrode 150 adjacent to the
second conductivity type well region 135, a first elec-
trode 173 positioned on the first conductivity type well
region 137, and a second electrode 175 positioned on
a second surface 510b of the buffer layer 510, wherein
the second surface 510b is opposite to the first surface
510a.

[0022] The semiconductor device may include a sec-
ond conductivity type semiconductor layer 131 (e.g., a
semiconductor layer of the second conductivity type)
between the buffer layer 510 and the first conductivity
type semiconductor layer 133.

[0023] According to an implementation, the semicon-
ductor device does not include a substrate; however,
the implementation is not limited thereto. For example,
a substrate may be positioned between the buffer layer
510 and the second electrode 175. For example, the
semiconductor device may include the buffer layer
510, the second conductivity type semiconductor layer
131, the first conductivity type semiconductor layer
133, the second conductivity type well region 135, the
first conductivity type well region 137, the gate elec-
trode 150, and the first electrode 173 on a first surface
of a substrate, and may include the second electrode
175 on a second surface of the substrate which is op-
posite to the first surface. In this case, the substrate
may be a semiconductor substrate including SiC. For
example, the substrate may be formed of a 4H SiC
substrate. In some cases, the substrate may be formed
of a 3C SiC substrate, a 6H SiC substrate, or the like.
The substrate may have a first conductivity type. The
substrate may be doped at a low concentration with the
first conductivity type (e.g., a doping concentration that
is less than that for the first conductivity type semicon-
ductor layer 133). The first conductivity type may be n-
type, but is not limited thereto. The resistivity of the
substrate may be about 0.005 Q-cm or more and about
0.035 Q:cm or less. The thickness of the substrate may
be about 10 pum or more and about 700 wm or less. The
material, doping type, doping concentration, resistivity,
thickness, and the like of the substrate are not limited
thereto and may be variously modified. An implementa-
tion illustrated in FIG. 1 may be an example in which a
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substrate is removed from the final structure of the
semiconductor device after the substrate is used in the
manufacturing process.

[0024] The second conductivity type semiconductor
layer 131, the first conductivity type semiconductor
layer 133, the second conductivity type well region
135, and the first conductivity type well region 137 may
include the same semiconductor material. For example,
the second conductivity type semiconductor layer 131
and the first conductivity type semiconductor layer 133
may be formed through an epitaxial growth process
using the same semiconductor material as a seed. For
example, the second conductivity type well region 135
and the first conductivity type well region 137 may be
formed by doping impurities (for example, ions) into the
first conductivity type semiconductor layer 133 through
an ion implantation process. The second conductivity
type semiconductor layer 131, the first conductivity type
semiconductor layer 133, the second conductivity type
well region 135, and the first conductivity type well re-
gion 137 may include SiC.

[0025] The second conductivity type semiconductor
layer 131, the first conductivity type semiconductor
layer 133, the second conductivity type well region
135, and the first conductivity type well region 137 may
include a semiconductor material doped with an impur-
ity. The first conductivity type semiconductor layer 133
and the first conductivity type well region 137 may in-
clude a semiconductor material doped with an impurity
of the first conductivity type. The second conductivity
type semiconductor layer 131 and the second conduc-
tivity type well region 135 may include a semiconductor
material doped with an impurity of the second conduc-
tivity type. The first conductivity type and the second
conductivity type may be different (e.g., opposite). For
example, the first conductivity type may be n-type, and
the second conductivity type may be p-type. Alterna-
tively, the first conductivity type may be p-type, and the
second conductivity type may be n-type.

[0026] The first conductivity type semiconductor layer
133 may be positioned on the upper surface of the
second conductivity type semiconductor layer 131. The
doping concentration of the first conductivity type semi-
conductor layer 133 may be about 1*10'4 cm-3 or more
and about 1*1017 cm-3 or less. The thickness of the first
conductivity type semiconductor layer 133 in the third
direction Z may be about 1 pwm or more and about 13
pm or less. The third direction Z may be a direction
perpendicular to an upper surface of the first conductiv-
ity type semiconductor layer 133. The doping concen-
tration and the thickness in the third direction Z of the
first conductivity type semiconductor layer 133 are not
limited thereto and may be variously changed.

[0027] The second conductivity type well region 135
may extend from an upper surface of the first conduc-
tivity type semiconductor layer 133 toward a lower sur-
face of the first conductivity type semiconductor layer
133, and may have a depth in the third direction Z. An
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upper surface of the second conductivity type well re-
gion 135 may be positioned at the same level as an
upper surface of the first conductivity type semiconduc-
tor layer 133. A lower surface of the second conductiv-
ity type well region 135 may be positioned at a higher
level than a lower surface of the first conductivity type
semiconductor layer 133.

[0028] The doping concentration of the second con-
ductivity type well region 135 may be about 1*1017 cm-3
or more and about 1*101® cm-3 or less. The thickness
of the second conductivity type well region 135 in the
third direction Z may be about 0.3 wm or more and
about 1.1 um or less. The doping concentration and
the thickness in the third direction Z of the second con-
ductivity type well region 135 are not limited thereto
and may be variously changed.

[0029] The first conductivity type well region 137 ex-
tends from the upper surface of the first conductivity
type semiconductor layer 133 toward the lower surface
of the first conductivity type semiconductor layer 133,
and may have a depth in the third direction Z. The
upper surface of the first conductivity type well region
137 may be positioned at the same level as the upper
surface of the first conductivity type semiconductor
layer 133. A lower surface of the first conductivity type
well region 137 may be positioned at a higher level than
a lower surface of the first conductivity type semicon-
ductor layer 133.

[0030] The first conductivity type well region 137 may
be positioned within the second conductivity type well
region 135. The first conductivity type well region 137
extends from an upper surface of the second conduc-
tivity type well region 135 toward a lower surface of the
second conductivity type well region 135, and may
have a depth along a third direction Z. The depth (or
thickness) in the third direction Z of the first conductivity
type well region 137 may be shallower than the depth
(or thickness) in the third direction Z of the second con-
ductivity type well region 135. The upper surface of the
first conductivity type well region 137 may be posi-
tioned at the same level as the upper surface of the
second conductivity type well region 135. The lower
surface of the first conductivity type well region 137
may be positioned at a higher level than the lower sur-
face of the second conductivity type well region 135.
The first conductivity type well region 137 may be sur-
rounded by the second conductivity type well region
135. The lower surface and one side surface of the first
conductivity type well region 137 may be surrounded by
the second conductivity type well region 135.

[0031] The doping concentration of the first conduc-
tivity type well region 137 may be about 1*1017 cm™3 or
more and about 5*1020 cm-3 or less. The thickness of
the first conductivity type well region 137 in the third
direction Z may be about 0.1 pm or more and about
0.5 pm or less. The doping concentration and the thick-
ness according to the third direction Z of the first con-
ductivity type well region 137 are not limited thereto

10

15

20

25

30

35

40

45

50

55

and may be variously changed.

[0032] The second conductivity type semiconductor
layer 131 may be positioned on the first surface 510a
of the buffer layer 510. The doping concentration of the
second conductivity type semiconductor layer 131 may
be higher than the doping concentration of the second
conductivity type well region 135, but is not limited
thereto. The thickness of the second conductivity type
semiconductor layer 131 in the third direction Z may be
smaller than the thickness of the first conductivity type
semiconductor layer 133 in the third direction Z, but is
not limited thereto.

[0033] The semiconductor device may include a plur-
ality of first conductivity type well regions 137 spaced
apart in a first direction X and a plurality of second
conductivity type well regions 135 spaced apart in the
first direction X. The first direction X may be a direction
parallel to an upper surface of the first conductivity type
semiconductor layer 133. A gate trench GT may be
positioned between the plurality of first conductivity
type well regions 137 spaced apart in the first direction
X, and between the plurality of second conductivity type
well regions 135 spaced apart in the first direction X.
[0034] The gate trench GT may extend in the third
direction Z from the upper surface of the first conductiv-
ity type semiconductor layer 133 toward the lower sur-
face of the first conductivity type semiconductor layer
133. The gate trench GT may have a depth in the third
direction Z. A lower portion of the gate trench GT may
be surrounded by an upper portion of the first conduc-
tivity type semiconductor layer 133. The bottom surface
of the gate trench GT may be formed by the upper sur-
face of the first conductivity type semiconductor layer
133. The sidewall of a gate trench GT may be formed
of a side surface of the first conductivity type well re-
gion 137, a side surface of the second conductivity type
well region 135, and a side surface of the first conduc-
tivity type semiconductor layer 133.

[0035] The gate trench GT may extend in the second
direction Y. The second direction Y may be parallel to
the upper surface of the first conductivity type semicon-
ductor layer 133 and may be a direction intersecting the
first direction X. For example, the second direction Y
may be a direction perpendicular to the first direction
X. The first direction X and the second direction Y may
be perpendicular to the third direction Z.

[0036] The gate electrode 150 and the gate insulat-
ing layer 151 may be positioned in the gate trench GT.
The gate insulating layer 151 may cover the sidewalls
and the bottom surface of the gate trench GT. The gate
electrode 150 may be positioned on the gate insulating
layer 151. The gate electrode 150 may fill the remain-
ing space of the gate trench GT. Both side surfaces and
the lower surface of the gate electrode 150 may be
surrounded by the gate insulating layer 151. The gate
electrode 150 may be spaced apart from the first con-
ductivity type semiconductor layer 133, the second
conductivity type well region 135, and the first conduc-
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tivity type well region 137 by the gate insulating layer
151.

[0037] The gate electrode 150 may overlap the first
conductivity type well region 137 and the second con-
ductivity type well region 135 in the first direction X. The
gate electrode 150 may overlap the first conductivity
type semiconductor layer 133 in the first direction X
and the third direction Z. The term "overlap in a direc-
tion" may refer to two elements that are positioned such
that a line parallel to the direction passes through at
least a portion of each element. For instance, the two
elements may at least partially obstruct each other
when viewed along the direction.

[0038] The upper surface of the gate electrode 150
may be positioned at the same level as the upper sur-
face of the second conductivity type well region 135
and the upper surface of the first conductivity type well
region 137, but is not limited thereto. For example, the
upper surface of the gate electrode 150 may be posi-
tioned at a lower level than the upper surface of the
second conductivity type well region 135 and the upper
surface of the first conductivity type well region 137.
[0039] In the implementation shown in FIG. 1, as the
gate electrode 150 is positioned in the gate trench GT,
it overlaps the second conductivity type well region 135
and the first conductivity type well region 137 in the first
direction X, but the implementation is not limited there-
to. For example, the gate electrode 150 may be posi-
tioned on the upper surface of the first conductivity type
semiconductor layer 133, on the upper surface of the
second conductivity type well region 135, and on the
upper surface of the first conductivity type well region
137. In this case, the gate electrode 150 may overlap
the second conductivity type well region 135 and the
first conductivity type well region 137 in the third direc-
tion Z.

[0040] The gate electrode 150 may include a conduc-
tive material. For example, the gate electrode 150 may
include polysilicon doped with an impurity, but is not
limited thereto. As another example, the gate electrode
150 may include a metal, an alloy, a conductive metal
nitride, a metal silicide, a semiconductor material
doped with an impurity, a conductive metal oxide, a
conductive metal oxynitride, or a combination thereof.
The gate electrode 150 may be formed of a single layer
or multiple layers.

[0041] The gate insulating layer 151 may include an
insulating material. For example, the gate insulating
layer 151 may include silicon oxide, but is not limited
thereto. In another example, the gate insulating layer
151 may include silicon nitride, silicon oxynitride, silicon
carbide, silicon carbonitride, or a combination thereof.
The gate insulating layer 151 may be formed as a sin-
gle layer or as a multilayer.

[0042] The semiconductor device may include a pro-
tective layer positioned on the gate insulating layer 151
and the gate electrode 150. The protective layer 140
may be positioned further on the first conductivity type
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well region 137. The protective layer 140 may cover the
upper surface of the gate electrode 150 and the upper
surface of the gate insulating layer 151. The protective
layer 140 may cover a portion of an upper surface of
the first conductivity type well region 137.

[0043] The protective layer 140 may include an insu-
lating material. For example, the protective layer 140
may include silicon oxide, silicon phosphoxide, silicon
nitride, silicon oxynitride, or a combination thereof, but
is not limited thereto. The protective layer 140 may be
formed as a single layer or a multilayer.

[0044] In some implementations, the protective layer
140 may include the same material as the gate insulat-
ing layer 151, but is not limited thereto. When the pro-
tective layer 140 includes the same material as the
gate insulating layer 151, the boundary between the
protective layer 140 and the gate insulating layer 151
at the portion where the protective layer 140 and the
gate insulating layer 151 are in contact may not be
clearly distinguished.

[0045] The first electrode 173 may be positioned on
the first conductivity type well region 137. The first elec-
trode 173 may be positioned further on the second con-
ductivity type well region 135. The first electrode 173
may be positioned further on the protective layer 140.
The first electrode 173 may overlap the gate electrode
150 in the third direction Z. The first electrode 173 may
be spaced apart from the gate electrode 150 in the third
direction Z and the first direction X by the protective
layer 140.

[0046] The first electrode 173 may be electrically
connected to the first conductivity type well region 137.
For example, the first electrode 173 may contact an
upper surface of the first conductivity type well region
137, but is not limited thereto. Another layer may be
further positioned between the first electrode 173 and
the first conductivity type well region 137. The first elec-
trode 173 may be positioned at both sides of the gate
electrode 150 and may be connected to the plurality of
first conductivity type well regions 137 spaced apart in
the first direction X.

[0047] The first electrode 173 may also be electrically
connected to the second conductivity type well region
135. For example, the first electrode 173 may contact
an upper surface of the second conductivity type well
region 135, but is not limited thereto. Another layer may
be further positioned between the first electrode 173
and the second conductivity type well region 135. The
first electrode 173 may be positioned at both sides of
the gate electrode 150 and may be connected to the
plurality of second conductivity type well regions 135
spaced apart in the first direction X.

[0048] The second electrode 175 may be positioned
on the second surface 510b of the buffer layer 510. The
second electrode 175 may be electrically connected to
the second conductivity type semiconductor layer 131
through the buffer layer 510.

[0049] The first electrode 173 and the second elec-
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trode 175 may include a conductive material. For ex-
ample, the first electrode 173 and the second electrode
175 may include metal, alloy, conductive metal nitride,
metal silicide, semiconductor material doped with an
impurity, conductive metal oxide, conductive metal oxy-
nitride, or a combination thereof. The first electrode 173
and the second electrode 175 each may include tita-
nium nitride (TiN), tantalum carbide (TaC), tantalum ni-
tride (TaN), titanium silicon nitride (TiSiN), tantalum sili-
con nitride (TaSiN), tantalum titanium nitride (TaTiN),
titanium aluminum nitride (TiAIN), tantalum aluminum
nitride (TaAIN), tungsten nitride (WN), ruthenium (Ru),
titanium aluminum (TiAl), titanium aluminum carboni-
tride (TiAIC-N), titanium aluminum carbide (TiAIC), tita-
nium carbide (TiC), tantalum carbonitride (TaCN), tung-
sten (W), aluminum (Al), copper (Cu), cobalt (Co), tita-
nium (Ti), tantalum (Ta), nickel (Ni), platinum (Pt), nick-
el platinum (Ni-Pt), niobium (Nb), niobium nitride (NbN),
niobium carbide (NbC), molybdenum (Mo), molybde-
num nitride (MoN), molybdenum carbide (MoC), tung-
sten carbide (WC), rhodium (Rh), palladium (Pd), iri-
dium (Ir), osmium (Os), silver (Ag), gold (Au), zinc
(Zn), vanadium (V), or combinations thereof, but are
not limited thereto. The first electrode 173 and the sec-
ond electrode 175 each may be formed as a single
layer or a multilayer.

[0050] In some implementations, the second elec-
trode 175 may include a material different from the first
electrode 173, but is not limited thereto.

[0051] The semiconductor device may be an insu-
lated gate bipolar transistor (IGBT). The second con-
ductivity type semiconductor layer 131, the first con-
ductivity type semiconductor layer 133, and the second
conductivity type well region 135 may constitute a bipo-
lar junction transistor (BJT) (e.g., of a PNP structure).
At this time, the first conductivity type semiconductor
layer 133 may be the base region of the BJT. The first
conductivity type semiconductor layer 133, the gate
electrode 150, the gate insulating layer 151, and the
first conductivity type well region 137 may constitute a
MOSFET. The first conductivity type well region 137
may be a source region of the MOSFET, and the first
conductivity type semiconductor layer 133 may be a
drain region of the MOSFET. The second conductivity
type well region 135 adjacent to the gate electrode 150
may be a channel region. When a channel is formed in
the second conductivity type well region 135 by a vol-
tage applied to the gate electrode 150, current may
flow between the first conductivity type well region 137
and the first conductivity type semiconductor layer 133.
Accordingly, the BJT may be turned on. For example, a
current may flow between the first electrode 173 and
the second electrode 175. Excellent switching charac-
teristics may be secured by the MOSFET, and excellent
current operation characteristics may be secured by
the BJT. An IGBT may, for example, be used as a
power device; however, the application is not limited
thereto and may be variously modified. When the semi-
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conductor device is an IGBT, the first electrode 173
may be referred to as an emitter electrode, and the
second electrode 175 may be referred to as a collector
electrode.

[0052] In the case of an SiC semiconductor device,
some of the basal plane dislocations existing along the
basal plane of the SiC substrate may be extended in
the crystal growth direction as threading dislocations
through an epitaxial growth process proceeding on the
SiC substrate. Such threading dislocation may degrade
the electrical performance and reliability of the SiC
semiconductor device by causing an increase in leak-
age current and a decrease in breakdown voltage.
[0053] The semiconductor device may include the
buffer layer 510 between a SiC substrate and a semi-
conductor layer formed on the SiC substrate by an epi-
taxial growth process. The buffer layer 510 may serve
to mitigate crystal defects propagated from the sub-
strate. Accordingly, the electrical performance and re-
liability of the semiconductor device may be improved.
[0054] In some implementations, when the SiC sub-
strate is omitted from the final structure of the semicon-
ductor device, the buffer layer 510 may be positioned
between the second electrode 175 and the semicon-
ductor layer. For example, when the semiconductor de-
vice includes a plurality of semiconductor layers formed
by an epitaxial growth process, the buffer layer 510
may be positioned between the lowermost semicon-
ductor layer among the plurality of semiconductor
layers and the second electrode 175.

[0055] The semiconductor device may include the
second conductivity type semiconductor layer 131 and
the first conductivity type semiconductor layer 133
formed on a SiC substrate through an epitaxial growth
process. In this case, among the second conductivity
type semiconductor layer 131 and the first conductivity
type semiconductor layer 133, the second conductivity
type semiconductor layer 131 may be the lowermost
semiconductor layer. The buffer layer 510 of the semi-
conductor device may be positioned between the sec-
ond conductivity type semiconductor layer 131 which is
the lowermost semiconductor layer, and the second
electrode 175.

[0056] The buffer layer 510 may include the first sur-
face 510a and the second surface 510b opposite to the
first surface 510a. The second conductivity type semi-
conductor layer 131 and the first conductivity type
semiconductor layer 133 are positioned on the first sur-
face 510a of the buffer layer 510, and the second elec-
trode 175 may be positioned on the second surface
510b of the buffer layer 510.

[0057] The buffer layer 510 may include the same
semiconductor material as the second conductivity type
semiconductor layer 131 and the first conductivity type
semiconductor layer 133. For example, the buffer layer
510 may be formed through an epitaxial growth pro-
cess using the same semiconductor material as the
second conductivity type semiconductor layer 131 and
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the first conductivity type semiconductor layer 133 as a
seed. The buffer layer 510 may include SiC.

[0058] The buffer layer 510 may include a semicon-
ductor material doped with impurities. The buffer layer
510 may include a semiconductor material doped with
a first conductivity type impurity. For example, the first
conductivity type may be n-type.

[0059] The buffer layer 510 may include a first buffer
layer 511 including a first element (X) homologous to
Si. The first buffer layer 511 may include SigX,C_p 4.
The content of the first element (X) in the first buffer
layer 511 may be about 10 at% to about 50 at%. That
is, in the first buffer layer 511, the composition of
SipXqC1.p-q May be p>0 and 0.1<g<0.5. Two elements
that are homologous may occupy the same group in
the periodic table. Accordingly, the first element (X)
may be a Group 14 element (e.g., a Group 14 element
other than Si). For instance, the first element may be C
or Ge.

[0060] For example, the first element (X) may be Ge.
When the first element (X) is Ge, the first buffer layer
511 may include Si,Ge,C_,.q- The composition of Si,.
Ge,Cq.pq Within the first buffer layer 511 may be p>0
and 0.1<g<0.5. However, the implementations are not
limited thereto, and the first element (X) may be var-
iously changed.

[0061] For example, the first element (X) may be C.
In this case, the first buffer layer 511 may include SiC,,,
and m may be greater than 1. That is, in the first buffer
layer 511, the content (at%) of C may be higher than
the content (at%) of Si.

[0062] The thickness of the first buffer layer 511 in
the third direction Z may be less than or equal to 30
nm (e.g., may be greater than about 0 nm and less than
or equal to about 30 nm). When the thickness of the
first buffer layer 511 in the third direction Z is greater
than about 0 nm and less than or equal to about 30 nm,
the distance that defects are propagated through the
first buffer layer 511 may be shortened, thereby redu-
cing the defect density reaching the upper layer of the
first buffer layer 511.

[0063] In some implementations, the buffer layer 510
may further include a second buffer layer 512. The sec-
ond buffer layer 512 may be positioned on the first buf-
fer layer 511. The second buffer layer 512 may be posi-
tioned between the first buffer layer 511 and the second
conductivity type semiconductor layer 131. The content
of the first element (X) in the second buffer layer 512
may be different from the content of the first element
(X) in the first buffer layer 511. The content of the first
element (X) in the second buffer layer 512 may be low-
er than the content of the first element (X) in the first
buffer layer 511. For example, in the second buffer
layer 512, the content of the first element (X) may be
about 0 at% to about 1 at%. The second buffer layer
512 may include SiquC1_p_q, wherep>0and0<q<1.
For example, the second buffer layer 512 may not in-
clude the first element (X). In this case, the second
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buffer layer 512 may include SiC. As another example,
the second buffer layer 512 may include the first ele-
ment (X), but the content of the first element (X) may be
about 1 at% or less. In this case, the second buffer
layer 512 may include SiquC1_p_q, where p>0 and
0<g1.

[0064] The buffer layer 510 of the semiconductor de-
vice includes the first buffer layer 511 including a first
element homologous to Si, and as the content of the
first element in the first buffer layer 511 is about 10 at%
to about 50 at%, it may be possible to prevent thread-
ing dislocations from propagating through a semicon-
ductor layer (for example, the second conductivity type
semiconductor layer 131 and/or the first conductivity
type semiconductor layer 133) positioned on the buffer
layer 510.

[0065] According to one implementation, the buffer
layer 510 of the semiconductor device includes the sec-
ond buffer layer 512 including a first element homolo-
gous to Si, and since the content of the first element in
the second buffer layer 512 is about 1 at% or less, the
film quality of a semiconductor layer (for example, the
second conductivity type semiconductor layer 131 an-
d/or the first conductivity type semiconductor layer 133)
positioned on the buffer layer 510 may be improved.
[0066] Hereinafter, with reference to FIG. 2, a modi-
fied example of the semiconductor device according to
the implementation shown in FIG. 1 will be described.
[0067] FIG. 2 is a cross-sectional view of an example
of a semiconductor device. In the implementation
shown in FIG. 2, a buffer layer 520, a first buffer layer
521, and a second buffer layer 522 may correspond to
the buffer layer 510, the first buffer layer 511, and the
second buffer layer 512 of the implementation shown in
FIG. 1. In the implementation shown in FIG. 2, compo-
nents identical to the components of the implementa-
tion shown in FIG. 1 may be referred to by the same
drawing reference numerals. The implementation
shown in FIG. 2 may have the positional relationship of
the first buffer layer 521 and the second buffer layer
522 partially different from the implementation shown
in FIG. 1. Hereinafter, differences will be mainly de-
scribed, and redundant descriptions may be omitted or
briefly provided.

[0068] As illustrated in FIG. 2, the buffer layer 520
may be positioned between the second electrode 175
and the second conductivity type semiconductor layer
131. The buffer layer 520 may include a first surface
520a and a second surface 520b which is an opposite
surface of the first surface 520a. The second conduc-
tivity type semiconductor layer 131 and the first con-
ductivity type semiconductor layer 133 are positioned
on the first surface 520a of the buffer layer 520, and
the second electrode 175 may be positioned on the
second surface 520b of the buffer layer 520.

[0069] The buffer layer 520 may include the first buf-
fer layer 521 and the second buffer layer 522. The first
buffer layer 521 may be positioned on the second buf-
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fer layer 522. The first buffer layer 521 may be posi-
tioned between the second buffer layer 522 and the
second conductivity type semiconductor layer 131. The
second buffer layer 522 may be positioned between the
second electrode 175 and the first buffer layer 521.
[0070] With respect to the material of the first buffer
layer 521 and its thickness in the third direction Z, the
description regarding the material of the first buffer
layer 511 of FIG. 1 and its thickness in the third direc-
tion Z may be equally applied. With respect to the ma-
terial of the second buffer layer 522, the description
regarding the material of the second buffer layer 512 of
FIG. 1 may be equally applied.

[0071] Hereinafter, with reference to FIG. 3 and FIG.
4, variations of the semiconductor device according to
the implementation shown in FIG. 1 will be described.
[0072] FIG. 3 is a cross-sectional view of an example
of a semiconductor device. FIG. 4 is a cross-sectional
view of an example of a semiconductor device. In the
implementation shown in FIG. 3, a buffer layer 530, a
first buffer layer 531, and a second buffer layer 532
may correspond to the buffer layer 510, the first buffer
layer 511, and the second buffer layer 512 of the imple-
mentation shown in FIG. 1. In the implementation
shown in FIG. 4, a buffer layer 540, a first buffer layer
541, and a second buffer layer 542 may correspond to
the buffer layer 510, the first buffer layer 511, and the
second buffer layer 512 of the implementation shown in
FIG. 1. In each implementation shown in FIG. 3 and
FIG. 4, the same components as those of the imple-
mentation shown in FIG. 1 may be referenced by the
same drawing reference numerals. In the implementa-
tion shown in FIG. 3, the buffer layer 530 further in-
cludes a third buffer layer 533, and in the implementa-
tion shown in FIG. 4, the buffer layer 540 further in-
cludes a third buffer layer 543, and thus may be par-
tially different from the implementation shown in FIG. 1.
Hereinafter, differences will be mainly described and
redundant descriptions will be omitted or briefly men-
tioned.

[0073] As shown in FIG. 3, the buffer layer 530 may
be positioned between the second electrode 175 and
the second conductivity type semiconductor layer 131.
The buffer layer 530 may include a first surface 530a
and a second surface 530b opposite to the first surface
530a. The second conductivity type semiconductor
layer 131 and the first conductivity type semiconductor
layer 133 are positioned on the first surface 530a of the
buffer layer 530, and the second electrode 175 may be
positioned on the second surface 530b of the buffer
layer 530.

[0074] The buffer layer 530 may include the first buf-
fer layer 531, the second buffer layer 532, and the third
buffer layer 533. The first buffer layer 531 may be posi-
tioned on the second buffer layer 532. The third buffer
layer 533 may be positioned on the first buffer layer
531. The first buffer layer 531 may be positioned be-
tween the second buffer layer 532 and the third buffer
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layer 533. The second buffer layer 532 may be posi-
tioned between the second electrode 175 and the first
buffer layer 531. The third buffer layer 533 may be po-
sitioned between the first buffer layer 531 and the sec-
ond conductivity type semiconductor layer 131.

[0075] As for the material of the first buffer layer 531
and the thickness thereof in the third direction Z, the
description regarding the material of the first buffer
layer 511 of FIG. 1 and the thickness thereof in the third
direction Z may be equally applied. As for the material
of the second buffer layer 532, the description regard-
ing the material of the second buffer layer 512 of FIG. 1
may be equally applied.

[0076] The content of the first element (X) in the third
buffer layer 533 may be different from the content of the
first element (X) in the first buffer layer 531. The con-
tent of the first element (X) in the third buffer layer 533
may be lower than the content of the first element (X) in
the first buffer layer 531. For example, in the third buffer
layer 533, the content of the first element (X) may be
about 0 at% to about 1 at%. For example, the third
buffer layer 533 may not include the first element (X).
In another example, the third buffer layer 533 may in-
clude the first element (X), and the content of the first
element (X) may be about 1 at% or less.

[0077] In some implementations, the content (at%) of
the first element (X) in the third buffer layer 533 may be
identical to the content (at%) of the first element (X) in
the second buffer layer 532. For example, the second
buffer layer 532 and the third buffer layer 533 may not
include the first element (X). In another example, the
second buffer layer 532 and the third buffer layer 533
may include the first element (X), and the content of the
first element (X) may be n (0 <n < 1) at%.

[0078] As shown in FIG. 4, the buffer layer 540 may
be positioned between the second electrode 175 and
the second conductivity type semiconductor layer 131.
The buffer layer 540 may include a first surface 540a
and a second surface 540b opposite to the first surface
540a. The second conductivity type semiconductor
layer 131 and the first conductivity type semiconductor
layer 133 are positioned on the first surface 540a of the
buffer layer 540, and the second electrode 175 may be
positioned on the second surface 540b of the buffer
layer 540.

[0079] The buffer layer 540 may include the first buf-
fer layer 541, the second buffer layer 542, and the third
buffer layer 543. The first buffer layer 541 may be posi-
tioned on the second buffer layer 542. The third buffer
layer 543 may be positioned on the first buffer layer
541. The first buffer layer 541 may be positioned be-
tween the second buffer layer 542 and the third buffer
layer 543. The second buffer layer 542 may be posi-
tioned between the second electrode 175 and the first
buffer layer 541. The third buffer layer 543 may be po-
sitioned between the first buffer layer 541 and the sec-
ond conductivity type semiconductor layer 131.

[0080] With respect to the material and the thickness
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in the third direction Z of the first buffer layer 541, the
description regarding the material and the thickness in
the third direction Z of the first buffer layer 511 of FIG. 1
may be equally applied. With respect to the material of
the second buffer layer 542, the description for the ma-
terial of the second buffer layer 512 of FIG. 1 may be
equally applied.

[0081] The content (at%) of the first element (X) in
the third buffer layer 543 may be different from the con-
tent (at%) of the first element (X) in the first buffer layer
541. The content (at%) of the first element (X) in the
third buffer layer 543 may be lower than the content
(at%) of the first element (X) in the first buffer layer
541. For example, the content of the first element (X)
in the third buffer layer 543 may be about 0 at% to
about 1 at%. For example, the third buffer layer 543
may not include the first element (X). In another exam-
ple, the third buffer layer 543 may include the first ele-
ment (X), but the content of the first element (X) may be
about 1 at% or less.

[0082] In some implementations, the content of the
first element (X) in the third buffer layer 543 may be
different from the content of the first element (X) in the
second buffer layer 542. For example, in the third buffer
layer 543, the content of the first element (X) may be
higher than the content of the first element (X) in the
second buffer layer 542. For example, the second buf-
fer layer 542 may not include the first element X, and
the third buffer layer 543 may include the first element
X; however, in the third buffer layer 543, the content of
the first element X may be about 1 at% or less. In
another example, the second buffer layer 542 and the
third buffer layer 543 each include the first element (X),
and the content of the first element (X) in the second
buffer layer 542 is s (0<s<1) at%, and the content of the
first element (X) in the third buffer layer 543 may be t
(s<t<1) at%. However, the implementation is not limited
thereto. For example, the content (at%) of the first ele-
ment (X) in the second buffer layer 542 may be higher
than the content (at%) of the first element (X) in the
third buffer layer 543.

[0083] Hereinafter, with reference to FIG. 5, a varia-
tion of the semiconductor device according to the im-
plementation shown in FIG. 1 will be described.

[0084] FIG. 5 is a cross-sectional view of an example
of a semiconductor device. In the implementation
shown in FIG. 5, a buffer layer 550 may correspond to
the buffer layer 510 of the implementation shown in
FIG. 1. In the implementation shown in FIG. 5, the
components identical to the components of the imple-
mentation shown in FIG. 1 may be referred to by the
same reference numerals. The implementation illu-
strated in FIG. 5 may differ in part from the implementa-
tion illustrated in FIG. 1 in that the entire buffer layer
550 includes a first element (X) homologous to Si, and
the content of the first element (X) in the buffer layer
550 is about 10 at% to about 50 at%. Hereinafter, dif-
ferences will be mainly described, and redundant de-
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scriptions may be omitted or briefly provided.

[0085] As shown in FIG. 5, the buffer layer 550 may
be positioned between the second electrode 175 and
the second conductivity type semiconductor layer 131.
The buffer layer 550 may include a first surface 550a
and a second surface 550b, which is an opposite sur-
face of the first surface 550a. The second conductivity
type semiconductor layer 131 and the first conductivity
type semiconductor layer 133 are positioned on the first
surface 550a of the buffer layer 550, and the second
electrode 175 may be positioned on the second surface
550b of the buffer layer 550.

[0086] In the implementation illustrated in FIG. 1, the
buffer layer 510 includes a first buffer layer 511 and a
second buffer layer 512 having different contents of the
first element (X), whereas, in the implementation illu-
strated in FIG. 5, the buffer layer 550 may be formed
as a single layer including the first element (X). The
content of the first element (X) in the buffer layer 550
may be identical to the content of the first element (X)
in the first buffer layer 511. The content of the first ele-
ment (X) in the buffer layer 550 may be about 10 at% to
about 50 at%. The thickness of the buffer layer 550 in
the third direction Z may be equal to the thickness of
the first buffer layer 511 in the third direction Z. The
thickness of the buffer layer 550 in the third direction Z
may be greater than about 0 nm and not more than
(e.g., less than or equal to) about 30 nm. The buffer
layer 550 of the implementation shown in FIG. 5 may
include only the first buffer layer 511 of the implementa-
tion shown in FIG. 1.

[0087] Hereinafter, a semiconductor device will be
described with reference to FIG. 6.

[0088] FIG. 6 is a cross-sectional view of an example
of a semiconductor device.

[0089] The semiconductor device may be a SiC
semiconductor device. The semiconductor device may
include at least one SiC-based semiconductor layer
formed on a SiC substrate and at least one well region
formed in the semiconductor layer, and may include a
plurality of electrodes electrically connected to the
semiconductor layer and the well region. The semicon-
ductor device may not include a SiC substrate in the
final structure, but at least one semiconductor layer
and at least one well region may include SiC.

[0090] As shown in FIG. 6, a semiconductor device
includes a buffer layer 610, a first conductivity type
semiconductor layer 231 positioned on a first surface
610a of the buffer layer 610, a second conductivity type
well region 235 positioned in the first conductivity type
semiconductor layer 231, a first conductivity type well
region 237 positioned in the second conductivity type
well region 235, a gate electrode 250 adjacent to the
second conductivity type well region 235, a first elec-
trode 273 positioned on the first conductivity type well
region 237, and a second electrode 275 positioned on
a second surface 610b of the buffer layer 610, the sec-
ond surface 610b being opposite to the first surface
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610a.

[0091] The semiconductor device may include a sec-
ond conductivity type pillar layer 233 (e.g., a pillar layer
of the second conductivity type) between the buffer
layer 610 and the second conductivity type well region
235.

[0092] According to an implementation, the semicon-
ductor device does not include a substrate; however,
the implementation is not limited thereto. For example,
a substrate may be positioned between the buffer layer
610 and the second electrode 275. For example, the
semiconductor device may include the buffer layer
610, the first conductivity type semiconductor layer
231, the second conductivity type pillar layer 233, the
second conductivity type well region 235, the first con-
ductivity type well region 237, the gate electrode 250,
and the first electrode 273 on the first surface of the
substrate, and may include the second electrode 275
on the second surface of the substrate, which is oppo-
site to the first surface. In this case, the substrate may
be a semiconductor substrate including SiC. For exam-
ple, the substrate may be formed of a 4H SiC substrate.
In some cases, the substrate may be formed of a 3C
SiC substrate, a 6H SiC substrate, or the like. The sub-
strate may have a first conductivity type. The substrate
may be low-concentration doped in the first conductivity
type. The first conductivity type may be n-type; how-
ever, it is not limited thereto. The resistivity of the sub-
strate may be about 0.005 Q-cm or more and about
0.035 Q-cm or less. The thickness of the substrate
may be about 10 wm or more and about 700 pm or
less. The material, doping type, doping concentration,
resistivity, thickness, and the like of the substrate are
not limited thereto and may be variously changed. An
implementation shown in FIG. 6 may be an example in
which a substrate is removed from the final structure of
a semiconductor device after being used in the manu-
facturing process.

[0093] The first conductivity type semiconductor layer
231, the second conductivity type pillar layer 233, the
second conductivity type well region 235, and the first
conductivity type well region 237 may include the same
(e.g., an identical) semiconductor material. For exam-
ple, the first conductivity type semiconductor layer 231
and the second conductivity type pillar layer 233 may
be formed through an epitaxial growth process using
the same (e.g., an identical) semiconductor material as
a seed. For example, the second conductivity type well
region 235 and the first conductivity type well region
237 may be formed by doping impurities (for example,
ions) into the first conductivity type semiconductor layer
231 through an ion implantation process. The first con-
ductivity type semiconductor layer 231, the second
conductivity type pillar layer 233, the second conductiv-
ity type well region 235, and the first conductivity type
well region 237 may include SiC.

[0094] The first conductivity type semiconductor layer
231, the second conductivity type pillar layer 233, the
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second conductivity type well region 235, and the first
conductivity type well region 237 may include a semi-
conductor material doped with an impurity. The first
conductivity type semiconductor layer 231 and the first
conductivity type well region 237 may include a semi-
conductor material doped with an impurity of the first
conductivity type. The second conductivity type pillar
layer 233 and the second conductivity type well region
235 may include a semiconductor material doped with
an impurity of the second conductivity type. The first
conductivity type and the second conductivity type may
be different. For example, the first conductivity type
may be n-type, and the second conductivity type may
be p-type.

[0095] The first conductivity type semiconductor layer
231 may be positioned on the first surface 610a of the
buffer layer 610. The first conductivity type semicon-
ductor layer 231 may surround the side surface and
lower surface of the second conductivity type pillar
layer 233. The first conductivity type semiconductor
layer 231 may contact the side surface and lower sur-
face of the second conductivity type pillar layer 233.
The upper surface of the first conductivity type semi-
conductor layer 231 may be positioned at a higher level
than the upper surface of the second conductivity type
pillar layer 233.

[0096] The doping concentration of the first conduc-
tivity type semiconductor layer 231 may be about
1*1014 cm-3 or more and about 1*1017 cm3 or less.
The thickness of the first conductivity type semiconduc-
tor layer 231 in the third direction Z may be about 1 pm
or more and about 13 pum or less. The third direction Z
may be a direction perpendicular to the upper surface
of the first conductivity type semiconductor layer 231.
The doping concentration and the thickness in the third
direction Z of the first conductivity type semiconductor
layer 231 are not limited thereto and may be variously
changed.

[0097] The second conductivity type pillar layer 233
may be surrounded by the first conductivity type semi-
conductor layer 231. The side surface and the lower
surface of the second conductivity type pillar layer 233
may be surrounded by the first conductivity type semi-
conductor layer 231. The side surface and lower sur-
face of the second conductivity type pillar layer 233
may contact the first conductivity type semiconductor
layer 231. The second conductivity type pillar layer 233
may have a pillar shape extending in the third direction
Z by penetrating the first conductivity type semiconduc-
tor layer 231. The second conductivity type pillar layer
233 may be positioned between the buffer layer 610
and the second conductivity type well region 235. The
second conductivity type pillar layer 233 may be posi-
tioned between the second conductivity type well re-
gion 235 and the buffer layer 610. An upper surface of
the second conductivity type pillar layer 233 may be
connected to a lower surface of the second conductivity
type well region 235. A lower surface of the second
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conductivity type pillar layer 233 may be positioned at a
higher level than a lower surface of the first surface
610a of the buffer layer 610. The second conductivity
type pillar layer 233 may be spaced apart from the
buffer layer 610 by the first conductivity type semicon-
ductor layer 231. The first conductivity type semicon-
ductor layer 231 may be positioned between the sec-
ond conductivity type pillar layer 233 and the buffer
layer 610. The lower surface of the second conductivity
type pillar layer 233 may be positioned at a higher level
than the lower surface of the first conductivity type
semiconductor layer 231.

[0098] The semiconductor device may include a plur-
ality of second conductivity type pillar layers 233
spaced apart and arranged along the first direction X.
The first conductivity type semiconductor layer 231
may be positioned between the plurality of second con-
ductivity type pillar layers 233 spaced apart and ar-
ranged along the first direction X.

[0099] The second conductivity type well region 235
may extend from the upper surface of the first conduc-
tivity type semiconductor layer 231 toward the lower
surface of the first conductivity type semiconductor
layer 231, and may have a depth in the third direction
Z. The upper surface of the second conductivity type
well region 235 may be positioned at the same level as
the upper surface of the first conductivity type semicon-
ductor layer 231. A lower surface of the second con-
ductivity type well region 235 may be positioned at a
higher level than a lower surface of the first conductivity
type semiconductor layer 231. The second conductivity
type well region 235 may be positioned on the second
conductivity type pillar layer 233. The lower surface of
the second conductivity type well region 235 may be
connected to the upper surface of the second conduc-
tivity type pillar layer 233, but is not limited thereto.
[0100] The doping concentration of the second con-
ductivity type well region 235 may be about 1*1017 cm-3
or more and about 1*101® cm-3 or less. The thickness
of the second conductivity type well region 235 in the
third direction Z may be about 0.3 um or more and
about 1.1 um or less. The doping concentration and
thickness of the second conductivity type well region
235 are not limited thereto and may be variously mod-
ified.

[0101] The semiconductor device may include a plur-
ality of second conductivity type well regions 235
spaced apart and arranged along the first direction X.
Each second conductivity type pillar layer 233 may be
positioned between each second conductivity type well
region 235 and buffer layer 610.

[0102] The length of the second conductivity type pil-
lar layer 233 in the third direction Z may be longer than
the thickness of the second conductivity type well re-
gion 235 in the third direction Z. The doping concentra-
tion of the second conductivity type pillar layer 233 may
be lower than the doping concentration of the second
conductivity type well region 235.
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[0103] The first conductivity type well region 237 ex-
tends from an upper surface of the first conductivity
type semiconductor layer 231 toward a lower surface
of the first conductivity type semiconductor layer 231,
and may have a depth in the third direction Z. The
upper surface of the first conductivity type well region
237 may be positioned at the same level as the upper
surface of the first conductivity type semiconductor
layer 231. The lower surface of the first conductivity
type well region 237 may be positioned at a higher level
than the lower surface of the first conductivity type
semiconductor layer 231.

[0104] The first conductivity type well region 237 may
be positioned in the second conductivity type well re-
gion 235. The first conductivity type well region 237
extends from an upper surface of the first conductivity
type semiconductor layer 231 toward a lower surface of
the first conductivity type semiconductor layer 231, and
may have a depth in the third direction Z. The depth (or
thickness) in the third direction Z of the first conductivity
type well region 237 may be less than the depth (or
thickness) in the third direction Z of the second conduc-
tivity type well region 235. The upper surface of the first
conductivity type well region 237 may be positioned at
the same level as the upper surface of the second con-
ductivity type well region 235. A lower surface of the
first conductivity type well region 237 may be posi-
tioned at a higher level than a lower surface of the
second conductivity type well region 235. The first con-
ductivity type well region 237 may be surrounded by
the second conductivity type well region 235. The lower
surface and both side surfaces of the first conductivity
type well region 237 may be surrounded by the second
conductivity type well region 235.

[0105] The doping concentration of the first conduc-
tivity type well region 237 may be about 1*1017 cm-3 or
more and about 5*1020 cm-3 or less. The thickness of
the first conductivity type well region 237 in the third
direction Z may be about 0.1 wm or more and about
0.5 pm or less. The doping concentration and the thick-
ness in the third direction Z of the first conductivity type
well region 237 are not limited thereto and may be var-
iously changed.

[0106] The semiconductor device may include a plur-
ality of first conductivity type well regions 237 spaced
apart and arranged in the first direction X. Two first
conductivity type well regions 237 spaced apart in the
first direction X may be positioned in the second con-
ductivity type well region 235 (e.g., in the same second
conductivity type well region 235), but the implementa-
tion is not limited thereto.

[0107] The gate electrode 250 and the gate insulat-
ing layer 251 may be positioned on the upper surface of
the first conductivity type semiconductor layer 231, on
the upper surface of the second conductivity type well
region 235, and on the upper surface of the first con-
ductivity type well region 237. The gate electrode 250
and the gate insulating layer 251 may be positioned on
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upper surfaces of two second conductivity type well
regions 235 spaced apart in the first direction X on both
sides of the first conductivity type semiconductor layer
231. The gate electrode 250 and the gate insulating
layer 251 may be positioned on upper surfaces of two
first conductivity type well regions 237 spaced apart in
the first direction X and positioned on both sides of the
first conductivity type semiconductor layer 231.

[0108] The gate electrode 250 may overlap in the
third direction Z with the two second conductivity type
well regions 235 and the two first conductivity type well
regions 237, which are spaced apart in the first direc-
tion X and are positioned on both sides of the first con-
ductivity type semiconductor layer 231 and the first
conductivity type semiconductor layer 231.

[0109] The gate insulating layer 251 may be posi-
tioned between the gate electrode 250 and the first
conductivity type semiconductor layer 231, between
the gate electrode 250 and the second conductivity
type well region 235, and between the gate electrode
250 and the first conductivity type well region 237. The
gate electrode 250 may be spaced apart from the first
conductivity type semiconductor layer 231, the second
conductivity type well region 235, and the first conduc-
tivity type well region 237 by the gate insulating layer
251.

[0110] In the implementation shown in FIG. 6, as the
gate electrode 150 and the gate insulating layer 251
are positioned on the upper surface of the first conduc-
tivity type semiconductor layer 231, the upper surface
of the second conductivity type well region 235, and the
upper surface of the first conductivity type well region
237, it overlaps the second conductivity type well re-
gion 235 and the first conductivity type well region 237
in the third direction Z, but the implementation is not
limited thereto. For example, the gate electrode 250
may be positioned in a gate trench extending in the
third direction Z from an upper surface of the first con-
ductivity type semiconductor layer 231 toward a lower
surface of the first conductivity type semiconductor
layer 231. In this case, the gate electrode 250 may
overlap the second conductivity type well region 235
and the first conductivity type well region 237 in the first
direction X.

[0111] The gate electrode 250 may include a conduc-
tive material. For example, the gate electrode 250 may
include polysilicon doped with an impurity, but is not
limited thereto. In another example, the gate electrode
250 may include a metal, an alloy, a conductive metal
nitride, a metal silicide, a semiconductor material
doped with an impurity, a conductive metal oxide, a
conductive metal oxynitride, or a combination thereof.
The gate electrode 250 may be formed as a single
layer or a multilayer.

[0112] The gate insulating layer 251 may include an
insulating material. For example, the gate insulating
layer 251 may include silicon oxide, but is not limited
thereto. In another example, the gate insulating layer
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251 may include silicon nitride, silicon oxynitride, silicon
carbide, silicon carbonitride, or a combination thereof.
The gate insulating layer 251 may be formed as a sin-
gle layer or a multilayer.

[0113] The semiconductor device may include a pro-
tective layer 240 positioned on the gate insulating layer
251 and the gate electrode 250. The protective layer
240 may be positioned further on the first conductivity
type well region 237. The protective layer 240 may cov-
er the upper surface and side surfaces of the gate elec-
trode 250, and the side surfaces of the gate insulating
layer 251. The protective layer 140 may cover a portion
of an upper surface of the first conductivity type well
region 137.

[0114] The protective layer 240 may include an insu-
lating material. For example, the protective layer 240
may include silicon oxide, silicon phosphide, silicon ni-
tride, silicon oxynitride, or a combination thereof, but is
not limited thereto. The protective layer 240 may be
formed as a single layer or a multilayer.

[0115] In some implementations, the protective layer
240 may include the same material as (e.g., an identi-
cal material to) the gate insulating layer 251, but is not
limited thereto. When the protective layer 240 includes
the same material as (e.g., an identical material to) the
gate insulating layer 251, the boundary between the
protective layer 240 and the gate insulating layer 251
at the contacting portion between the protective layer
240 and the gate insulating layer 251 may not be
clearly distinguished.

[0116] The first electrode 273 may be positioned on
the first conductivity type well region 237. The first elec-
trode 273 may be positioned further on the second con-
ductivity type well region 235. The first electrode 273
may be positioned further on the protective layer 140.
The first electrode 273 may overlap the gate electrode
250 in the third direction Z. The first electrode 273 may
be spaced apart from the gate electrode 250 in the third
direction Z and the first direction X by the protective
layer 240.

[0117] The first electrode 273 may be electrically
connected to the first conductivity type well region 237.
The first electrode 273 may include a plurality of con-
tact portions 273C. The plurality of contact portions
273C may be positioned between a plurality of gate
electrodes 250 arranged spaced apart in the first direc-
tion X. The plurality of contact portions 273C may be
connected to a plurality of first conductivity type well
regions 237 arranged spaced apart in the first direction
X. The contact portion 273C may be connected to the
two first conductivity type well regions 237 arranged
spaced apart in the first direction X within the second
conductivity type well region 235, but is not limited
thereto.

[0118] The first electrode 173 may also be electrically
connected to the second conductivity type well region
135. The plurality of contact portions 273C may be con-
nected to a plurality of second conductivity type well
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regions 235 spaced apart and arranged in the first di-
rection X.

[0119] A silicide layer 290 may be positioned be-
tween the contact portion 273C and the first conductiv-
ity type well region 237, and between the contact por-
tion 273C and the second conductivity type well region
235. The silicide layer 290 may cover the upper surface
of the first conductivity type well region 237 and the
upper surface of the second conductivity type well re-
gion 235. The upper surface of the silicide layer 290
may be in contact with the lower surface of the contact
portion 273C. The contact resistance between the con-
tact portion 273C and the first conductivity type well
region 237, and between the contact portion 273C and
the second conductivity type well region 235, may be
reduced by the silicide layer 290.

[0120] The silicide layer 290 may include a metal sili-
cide material. For example, the silicide layer 290 may
include tungsten silicide (WSi), titanium silicide (TiSi),
cobalt silicide (CoSi), nickel silicide (NiSi), or a combi-
nation thereof.

[0121] The second electrode 275 may be positioned
on the second surface 610b of the buffer layer 610. The
second electrode 275 may be electrically connected to
the first conductivity type semiconductor layer 231
through the buffer layer 610.

[0122] The first electrode 273 and the second elec-
trode 275 may include a conductive material. For ex-
ample, the first electrode 273 and the second electrode
275 may include a metal, an alloy, a conductive metal
nitride, a metal silicide, a semiconductor material
doped with an impurity, a conductive metal oxide, a
conductive metal oxynitride, or a combination thereof.
The first electrode 273 and the second electrode 275
each may include titanium nitride (TiN), tantalum car-
bide (TaC), tantalum nitride (TaN), titanium silicon ni-
tride (TiSiN), tantalum silicon nitride (TaSiN), tantalum
titanium nitride (TaTiN), titanium aluminum nitride
(TIAIN), tantalum aluminum nitride (TaAIN), tungsten
nitride (WN), ruthenium (Ru), titanium aluminum (TiAl),
titanium aluminum carbonitride (TiAIC-N), titanium alu-
minum carbide (TiAIC), titanium carbide (TiC), tantalum
carbonitride (TaCN), tungsten (W), aluminum (Al), cop-
per (Cu), cobalt (Co), titanium (Ti), tantalum (Ta), nickel
(Ni), platinum (Pt), nickel platinum (Ni-Pt), niobium
(Nb), niobium nitride (NbN), niobium carbide (NbC),
molybdenum (Mo), molybdenum nitride (MoN), molyb-
denum carbide (MoC), tungsten carbide (WC), rhodium
(Rh), palladium (Pd), iridium (Ir), osmium (Os), silver
(Ag), gold (Au), zinc (Zn), vanadium (V), or a combina-
tion thereof, but is not limited thereto. The first elec-
trode 273 and the second electrode 275 may be formed
as a single layer or a multilayer.

[0123] In some implementations, the second elec-
trode 275 may include a material different from the first
electrode 273, but is not limited thereto.

[0124] The semiconductor device may be a super-
junction MOSFET. The first conductivity type semicon-
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ductor layer 231, the gate electrode 250, the gate insu-
lating layer 251, and the first conductivity type well re-
gion 237 may constitute a MOSFET. The first conduc-
tivity type semiconductor layer 231 may be the drain
region of a MOSFET. The second conductivity type well
region 235 adjacent to the gate electrode 250 may be a
channel region. When a channel is formed in the sec-
ond conductivity type well region 235 by the voltage
applied to the gate electrode 250, a current may flow
between the first conductivity type well region 237 and
the first conductivity type semiconductor layer 231. The
semiconductor device may include the second conduc-
tivity type pillar layer 233 positioned between the sec-
ond conductivity type well region 235 and the buffer
layer 610, the second conductivity type pillar layer 233
extending in the third direction Z. The side surface and
the lower surface of the second conductivity type pillar
layer 233 may be in contact with the first conductivity
type semiconductor layer 231. A depletion region may
be formed along the interface where the first conductiv-
ity type semiconductor layer 231 and the second con-
ductivity type pillar layer 233 having a different conduc-
tivity type contact each other, and the depletion region
may be formed not only in the third direction Z, but also
in the first direction X. That is, the semiconductor de-
vice may include the second conductivity type pillar
layer 233, so that the depletion region is increased and
the electric field may be distributed more widely, and
the breakdown voltage may be increased. In the semi-
conductor device, the thickness of the first conductivity
type semiconductor layer 231 may be thinner and the
doping concentration may be higher than those of a
semiconductor device according to a comparative ex-
ample not including the second conductivity type pillar
layer 233, and thus the on-resistance may be reduced.
When the semiconductor device is a superjunction
MOSFET, the first electrode 273 may be referred to as
a source electrode, and the second electrode 275 may
be referred to as a drain electrode.

[0125] The semiconductor device may include a buf-
fer layer 610 between a SiC substrate and a semicon-
ductor layer formed on the SiC substrate through an
epitaxial growth process. The buffer layer 610 may
serve to alleviate crystal defects propagated from the
substrate. Accordingly, the electrical performance and
reliability of the semiconductor device may be im-
proved.

[0126] According to some implementations, when the
SiC substrate is omitted in the final structure of the
semiconductor device, the buffer layer 610 may be po-
sitioned between the second electrode 275 and the
semiconductor layer. For example, when the semicon-
ductor device includes a plurality of semiconductor
layers formed by an epitaxial growth process, the buffer
layer 610 may be positioned between the lowest semi-
conductor layer among the plurality of semiconductor
layers and the second electrode 275.

[0127] The semiconductor device may include the
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first conductivity type semiconductor layer 231 and the
second conductivity type pillar layer 233 formed on a
SiC substrate through an epitaxial growth process. In
this case, among the first conductivity type semicon-
ductor layer 231 and the second conductivity type pillar
layer 233, the first conductivity type semiconductor
layer 231 may be the lowermost semiconductor layer.
The buffer layer 610 of the semiconductor device may
be positioned between the first conductivity type semi-
conductor layer 231, which is the lowermost semicon-
ductor layer, and the second electrode 275.

[0128] The buffer layer 610 may include the first sur-
face 610a and the second surface 610b opposite to the
first surface 610a. On the first surface 610a of the buf-
fer layer 610, the first conductivity type semiconductor
layer 231 and the second conductivity type pillar layer
233 are positioned, and on the second surface 610b of
the buffer layer 610, the second electrode 275 may be
positioned.

[0129] The buffer layer 610 may include the same
semiconductor material as the first conductivity type
semiconductor layer 231 and the second conductivity
type pillar layer 233. For example, the buffer layer 610
may be formed through an epitaxial growth process
using the same semiconductor material as the seed as
the first conductivity type semiconductor layer 231 and
the second conductivity type pillar layer 233. The buffer
layer 610 may include SiC.

[0130] The buffer layer 610 may include a semicon-
ductor material doped with impurities. The buffer layer
610 may include a semiconductor material doped with
an impurity of a first conductivity type. For example, the
first conductivity type may be n-type.

[0131] The buffer layer 610 may include a first buffer
layer 611 including a first element (X) homologous to
Si. The first buffer layer 611 may include SigX,C_, 4.
The content of the first element (X) in the first buffer
layer 611 may be about 10 at% to about 50 at%. That
is, in the first buffer layer 611, the composition of
SiquC1_p_q may be such that p>0 and 0.1<g<0.5.
[0132] For example, the first element (X) may be Ge.
When the first element (X) is Ge, the first buffer layer
611 may include SiyGe,C_,.4- The composition of Si,
GeqC1_p_q within the first buffer layer 611 may be such
that p>0 and 0.1<g<0.5. However, the implementations
are not limited thereto, and the first element (X) may be
variously changed.

[0133] For example, the first element (X) may be C.
In this case, the first buffer layer 611 may include SiC,,,
and m may be greater than 1. That is, within the first
buffer layer 611, the content (at%) of C may be higher
than the content (at%) of Si.

[0134] The thickness of the first buffer layer 611 in
the third direction Z may be greater than about 0 nm
and less than or equal to about 30 nm. When the thick-
ness of the first buffer layer 611 in the third direction Z
is greater than about 0 nm and less than or equal to
about 30 nm, the distance over which defects in the first
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buffer layer 611 are propagated may be shortened,
thereby reducing the defect density reaching the upper
layer of the first buffer layer 611.

[0135] In some implementations, the buffer layer 610
may further include a second buffer layer 612. The sec-
ond buffer layer 612 may be positioned on the first buf-
fer layer 611. The second buffer layer 612 may be posi-
tioned between the first buffer layer 611 and the first
conductivity type semiconductor layer 231. The content
of the first element (X) in the second buffer layer 612
may be different from the content of the first element
(X) in the first buffer layer 611. The content of the first
element (X) in the second buffer layer 612 may be low-
er than the content of the first element (X) in the first
buffer layer 611. For example, in the second buffer
layer 612, the content of the first element (X) may be
about 0 at% to about 1 at%. The second buffer layer
612 may include SiquC1_p_q, wherep>0and0<qg<1.
For example, the second buffer layer 612 may not in-
clude the first element (X). In this case, the second
buffer layer 612 may include SiC. In another example,
the second buffer layer 612 may include the first ele-
ment (X), and the content of the first element (X) may
be approximately 1 at% or less. In this case, the sec-
ond buffer layer 612 may include SiquC1_p_q, where
p>0 and 0<g<1.

[0136] The buffer layer 610 of the semiconductor de-
vice includes the first buffer layer 611 including a first
element homologous to Si, and as the content of the
first element in the first buffer layer 611 is about 10 at%
to about 50 at%, it may be possible to prevent thread-
ing dislocations from propagating through the semicon-
ductor layer (for example, the first conductivity type
semiconductor layer 231 and/or the second conductiv-
ity type pillar layer 233) positioned on the buffer layer
610.

[0137] The buffer layer 610 of the semiconductor de-
vice includes the second buffer layer 612 including a
first element homologous to Si, and the content of the
first element within the second buffer layer 612 is about
1 at% or less, so that the film quality of the semicon-
ductor layer (for example, the first conductivity type
semiconductor layer 231 and/or the second conductiv-
ity type pillar layer 233) positioned on the buffer layer
610 may be improved.

[0138] Hereinafter, with reference to FIG. 7, a modifi-
cation of the semiconductor device according to the
implementation illustrated in FIG. 6 will be described.
[0139] FIG. 7 is a cross-sectional view of an example
of a semiconductor device. In the implementation
shown in FIG. 7, a buffer layer 620, a first buffer layer
621, and a second buffer layer 622 may correspond to
the buffer layer 610, the first buffer layer 611, and the
second buffer layer 612 of the implementation shown in
FIG. 6. In the implementation shown in FIG. 7, the
components identical to the components of the imple-
mentation shown in FIG. 6 may be referred to by iden-
tical reference numerals in the drawing. The implemen-
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tation shown in FIG. 7 may have a positional relation-
ship between the first buffer layer 621 and the second
buffer layer 622 that is partially different from the imple-
mentation shown in FIG. 6. Hereinafter, differences will
be mainly described, and repeated descriptions are
omitted or briefly given.

[0140] As shown in FIG. 7, the buffer layer 620 may
be positioned between the second electrode 275 and
the first conductivity type semiconductor layer 231. The
buffer layer 620 may include a first surface 620a and a
second surface 620b opposite to the first surface 620a.
On the first surface 620a of the buffer layer 620, the
first conductivity type semiconductor layer 231 and the
second conductivity type pillar layer 233 are positioned,
and on the second surface 620b of the buffer layer 620,
the second electrode 275 may be positioned.

[0141] The buffer layer 620 may include the first buf-
fer layer 621 and the second buffer layer 622. The first
buffer layer 621 may be positioned on the second buf-
fer layer 622. The first buffer layer 621 may be posi-
tioned between the second buffer layer 622 and the
first conductivity type semiconductor layer 231. The
second buffer layer 622 may be positioned between
the second electrode 275 and the first buffer layer 621.
[0142] With respect to the material of the first buffer
layer 621 and the thickness thereof in the third direction
Z, the description regarding the material of the first buf-
fer layer 611 of FIG. 6 and the thickness thereof in the
third direction Z may be equally applied. With respect to
the material of the second buffer layer 622, the descrip-
tion of the material of the second buffer layer 612 of
FIG. 6 may be equally applied.

[0143] Hereinafter, with reference to FIG. 8 and FIG.
9, variations of the semiconductor device according to
the implementation illustrated in FIG. 6 will be de-
scribed.

[0144] FIG. 8 is a cross-sectional view of an example
of a semiconductor device. FIG. 9 is a cross-sectional
view of an example of a semiconductor device. In the
implementation shown in FIG. 8, a buffer layer 630, a
first buffer layer 631, and a second buffer layer 632
may correspond to the buffer layer 610, the first buffer
layer 611, and the second buffer layer 612 of the imple-
mentation shown in FIG. 6. In the implementation
shown in FIG. 9, a buffer layer 640, a first buffer layer
641, and a second buffer layer 642 may correspond to
the buffer layer 610, the first buffer layer 611, and the
second buffer layer 612 of the implementation shown in
FIG. 6. In each implementation shown in FIG. 8 and
FIG. 9, components identical to the components of the
implementation shown in FIG. 6 may be referenced by
identical drawing reference numerals. In the implemen-
tation shown in FIG. 8, the buffer layer 630 further in-
cludes a third buffer layer 633, and in the implementa-
tion shown in FIG. 9, the buffer layer 640 further in-
cludes a third buffer layer 643, and thus may differ in
part from the implementation shown in FIG. 6. Herein-
after, differences will be mainly described, and overlap-
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ping descriptions will be omitted or briefly stated.
[0145] As shown in FIG. 8, the buffer layer 630 may
be positioned between the second electrode 275 and
the first conductivity type semiconductor layer 231. The
buffer layer 630 may include a first surface 630a and a
second surface 630b opposite to the first surface 630a.
On the first surface 630a of the buffer layer 630, the
first conductivity type semiconductor layer 231 and the
second conductivity type pillar layer 233 are positioned,
and on the second surface 630b of the buffer layer 630,
the second electrode 175 may be positioned.

[0146] The buffer layer 630 may include the first buf-
fer layer 631, the second buffer layer 632, and the third
buffer layer 633. The first buffer layer 631 may be posi-
tioned on the second buffer layer 632. The third buffer
layer 633 may be positioned on the first buffer layer
631. The first buffer layer 631 may be positioned be-
tween the second buffer layer 632 and the third buffer
layer 633. The second buffer layer 632 may be posi-
tioned between the second electrode 275 and the first
buffer layer 631. The third buffer layer 633 may be po-
sitioned between the first buffer layer 631 and the first
conductivity type semiconductor layer 231.

[0147] With respect to the material of the first buffer
layer 631 and the thickness in the third direction Z, the
description regarding the material of the first buffer
layer 611 of FIG. 6 and the thickness in the third direc-
tion Z may be equally applied. With respect to the ma-
terial of the second buffer layer 632, the description of
the material of the second buffer layer 612 of FIG. 1
may be equally applied.

[0148] The content of the first element (X) in the third
buffer layer 633 may be different from the content of the
first element (X) in the first buffer layer 631. The con-
tent of the first element (X) within the third buffer layer
633 may be lower than the content of the first element
(X) within the first buffer layer 631. For example, in the
third buffer layer 633, a content of the first element (X)
may be about 0 at% to about 1 at%. For example, the
third buffer layer 633 may not include the first element
(X). In another example, the third buffer layer 633 may
include the first element (X), and the content of the first
element (X) may be about 1 at% or less.

[0149] In some implementations, the content (at%) of
the first element (X) in the third buffer layer 633 may be
identical to the content (at%) of the first element (X) in
the second buffer layer 632. For example, the second
buffer layer 632 and the third buffer layer 633 may not
include the first element (X). In another example, the
second buffer layer 632 and the third buffer layer 633
may include the first element (X), and the content of the
first element (X) may be n (0<n<1) at%.

[0150] As shown in FIG. 9, a buffer layer 640 may be
positioned between the second electrode 275 and the
first conductivity type semiconductor layer 231. The
buffer layer 640 may include a first surface 640a and a
second surface 640b opposite to the first surface 640a.
On the first surface 640a of the buffer layer 640, the
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first conductivity type semiconductor layer 231 and the
second conductivity type pillar layer 233 are positioned,
and on the second surface 640b of the buffer layer 640,
the second electrode 275 may be positioned.

[0151] The buffer layer 640 may include the first buf-
fer layer 641, the second buffer layer 642, and the third
buffer layer 643. The first buffer layer 641 may be posi-
tioned on the second buffer layer 642. The third buffer
layer 643 may be positioned on the first buffer layer
641. The first buffer layer 641 may be positioned be-
tween the second buffer layer 642 and the third buffer
layer 643. The second buffer layer 642 may be posi-
tioned between the second electrode 275 and the first
buffer layer 641. The third buffer layer 643 may be po-
sitioned between the first buffer layer 641 and the first
conductivity type semiconductor layer 231.

[0152] With respect to the material of the first buffer
layer 641 and the thickness in the third direction Z, the
description regarding the material of the first buffer
layer 611 of FIG. 6 and the thickness in the third direc-
tion Z may be equally applied. As for the material of the
second buffer layer 642, the description regarding the
material of the second buffer layer 612 of FIG. 6 may
be equally applied.

[0153] The content (at%) of the first element (X) in
the third buffer layer 643 may be different from the con-
tent (at%) of the first element (X) in the first buffer layer
641. The content (at%) of the first element (X) within
the third buffer layer 643 may be lower than the content
(at%) of the first element (X) within the first buffer layer
641. For example, in the third buffer layer 643, the con-
tent of the first element (X) may be about 0 at% to
about 1 at%. For example, the third buffer layer 643
may not include the first element (X). In another exam-
ple, the third buffer layer 643 includes the first element
(X), and the content of the first element (X) may be
about 1 at% or less.

[0154] In some implementations, the content of the
first element (X) in the third buffer layer 643 may be
different from the content of the first element (X) in the
second buffer layer 642. For example, the content of
the first element (X) in the third buffer layer 643 may
be higher than the content of the first element (X) in the
second buffer layer 642. For example, the second buf-
fer layer 642 does not include the first element (X), and
the third buffer layer 643 includes the first element (X),
but the content of the first element (X) in the third buffer
layer 643 may be about 1 at% or less. In another ex-
ample, the second buffer layer 642 and the third buffer
layer 643 each include the first element (X), the content
of the first element (X) in the second buffer layer 642
may be s (0 < s < 1) at%, and the content of the first
element (X) in the third buffer layer 643 may bet (s <t<
1) at%. However, the implementations are not limited
thereto. For example, the content (at%) of the first ele-
ment (X) in the second buffer layer 642 may be higher
than the content (at%) of the first element (X) in the
third buffer layer 643.

10

15

20

25

30

35

40

45

50

55

17

[0155] Hereinafter, with reference to FIG. 10, modifi-
cations of the semiconductor device according to the
implementation shown in FIG. 6 will be described.
[0156] FIG. 10 is a cross-sectional view of an exam-
ple of a semiconductor device. In the implementation
shown in FIG. 10, a buffer layer 650 may correspond
to the buffer layer 610 of the implementation shown in
FIG. 6. In the implementation shown in FIG. 10, com-
ponents identical to the components of the implementa-
tion shown in FIG. 6 may be referenced by identical
drawing reference numerals. The implementation
shown in FIG. 10 may differ in part from the implemen-
tation shown in FIG. 6 in that the entire buffer layer 650
includes a first element (X) homologous to Si, and the
content of the first element (X) in the buffer layer 650 is
about 10 at% to about 50 at%. Hereinafter, the differ-
ences will be mainly described and redundant descrip-
tions will be omitted or briefly provided.

[0157] As shown in FIG. 10, the buffer layer 650 may
be positioned between the second electrode 275 and
the first conductivity type semiconductor layer 231. The
buffer layer 650 may include a first surface 650a and a
second surface 650b which is opposite to the first sur-
face 650a. On the first surface 650a of the buffer layer
650, the first conductivity type semiconductor layer 231
and the second conductivity type pillar layer 233 are
positioned, and on the second surface 650b of the buf-
fer layer 650, the second electrode 275 may be posi-
tioned.

[0158] In the implementation shown in FIG. 6, the
buffer layer 610 includes a first buffer layer 611 and a
second buffer layer 612 having different contents of the
first element (X), whereas in the implementation shown
in FIG. 10, the buffer layer 650 may be formed as a
single layer including the first element (X). The content
of the first element (X) in the buffer layer 650 may be
the same as the content of the first element (X) in the
first buffer layer 611. The content of the first element
(X) in the buffer layer 650 may be about 10 at% to
about 50 at%. The thickness of the buffer layer 650 in
the third direction Z may be identical to the thickness of
the first buffer layer 611 in the third direction Z. The
thickness of the buffer layer 650 in the third direction Z
may be more than about 0 nm and not more than about
30 nm. The buffer layer 650 of the implementation
shown in FIG. 10 may include only the first buffer layer
611 of the implementation shown in FIG. 6.

[0159] Hereinafter, a semiconductor device will be
described with reference to FIG. 11.

[0160] FIG. 11 is a cross-sectional view of an exam-
ple of a semiconductor device.

[0161] The semiconductor device may be a SiC
semiconductor device. The semiconductor device may
include at least one SiC-based semiconductor layer
formed on a SiC substrate, and at least one well region
formed in the semiconductor layer, and may include a
plurality of electrodes electrically connected to the
semiconductor layer and the well region. The semicon-
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ductor device may not include a SiC substrate in the
final structure; however, at least one semiconductor
layer and at least one well region may include SiC.
[0162] As shown in FIG. 11, a semiconductor device
includes a buffer layer 710, a first conductivity type first
semiconductor layer 331, a second conductivity type
second semiconductor layer 333, a first conductivity
type third semiconductor layer 335, a second conduc-
tivity type fourth semiconductor layer 337 sequentially
stacked on a first surface 710a of the buffer layer 710, a
gate electrode 350 positioned on an upper surface of
the second semiconductor layer 333 or the third semi-
conductor layer 335, a first electrode 373 positioned on
an upper surface of the fourth semiconductor layer 337,
and a second electrode 375 positioned on a second
surface 710b of the buffer layer 710, which is opposite
to the first surface 710a.

[0163] The semiconductor device does not include a
substrate, but the implementation is not limited thereto.
For example, a substrate may be positioned between
the buffer layer 710 and the second electrode 375. For
example, the semiconductor device may include the
buffer layer 710, the first semiconductor layer 331, the
second semiconductor layer 333, the third semiconduc-
tor layer 335, the fourth semiconductor layer 337, the
gate electrode 350, and the first electrode 373 on the
first surface of the substrate, and may include the sec-
ond electrode 375 on the second surface of the sub-
strate, which is an opposite surface to the first surface.
In this case, the substrate may be a semiconductor
substrate including SiC. For example, the substrate
may be formed of a 4H SiC substrate. In some cases,
the substrate may be formed of a 3C SiC substrate, a
6H SiC substrate, or the like. The substrate may have a
first conductivity type. The substrate may be doped with
a low concentration as the first conductivity type. The
first conductivity type may be an n-type, but is not lim-
ited thereto. The resistivity of the substrate may be
about 0.005 Qcm or more and about 0.035 Qcm or
less. The thickness of the substrate may be about 10
pwm or more and about 700 pm or less. The material,
doping type, doping concentration, resistivity, thick-
ness, and the like of the substrate are not limited there-
to and may be variously modified. The implementation
shown in FIG. 11 may be an example in which the sub-
strate is removed from the final structure of the semi-
conductor device after the substrate is used in the man-
ufacturing process.

[0164] The first semiconductor layer 331, the second
semiconductor layer 333, the third semiconductor layer
335, and the fourth semiconductor layer 337 may in-
clude the same (e.g., an identical) semiconductor ma-
terial. For example, the first semiconductor layer 331,
the second semiconductor layer 333, the third semicon-
ductor layer 335, and the fourth semiconductor layer
337 may be formed through an epitaxial growth pro-
cess using the same (e.g., an identical) semiconductor
material as a seed. The first semiconductor layer 331,
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the second semiconductor layer 333, the third semicon-
ductor layer 335, and the fourth semiconductor layer
337 may include SiC.

[0165] The first semiconductor layer 331, the second
semiconductor layer 333, the third semiconductor layer
335, and the fourth semiconductor layer 337 may in-
clude a semiconductor material doped with impurities.
The first semiconductor layer 331 and the third semi-
conductor layer 335 may include a semiconductor ma-
terial doped with an impurity of the first conductivity
type. The second semiconductor layer 333 and the
fourth semiconductor layer 337 may include a semicon-
ductor material doped with an impurity of the second
conductivity type. The first conductivity type and the
second conductivity type may be different from each
other. For example, the first conductivity type may be
n-type, and the second conductivity type may be p-
type.

[0166] The first semiconductor layer 331 may be po-
sitioned on the first surface 710a of the buffer layer
710. The doping concentration of the first semiconduc-
tor layer 331 may be lower than the doping concentra-
tion of the substrate. The doping concentration of the
first semiconductor layer 331 may be higher than the
doping concentration of the third semiconductor layer
335. The doping concentration of the first semiconduc-
tor layer 331 may be about 1*1017 cm-3 or more and
about 5*1019 cm-3 or less. The doping concentration of
the first semiconductor layer 331 is not limited thereto
and may be variously changed.

[0167] The second semiconductor layer 333 may be
positioned on the upper surface of the first semiconduc-
tor layer 331. The doping concentration of the second
semiconductor layer 333 may be lower than the doping
concentration of the fourth semiconductor layer 337.
The doping concentration of the second semiconductor
layer 333 may be about 1*10'4cm-3 or more and about
1*1017cm-3 or less. The thickness of the second semi-
conductor layer 333 in a third direction Z may be about
1 wm or more and about 13 wm or less. The doping
concentration and thickness of the second semicon-
ductor layer 333 are not limited thereto and may be
variously changed.

[0168] The third semiconductor layer 335 may be po-
sitioned on the upper surface of the second semicon-
ductor layer 333. The doping concentration of the third
semiconductor layer 335 may be lower than the doping
concentration of the first semiconductor layer 331. The
doping concentration of the third semiconductor layer
335 may be about 1*1074 cm3 or more and about
1*1019 cm3 or less. The thickness of the third semicon-
ductor layer 335 in the third direction Z may be about
0.3 pm or more and about 1.1 wm or less. The doping
concentration and thickness of the third semiconductor
layer 335 are not limited thereto and may be variously
changed.

[0169] The fourth semiconductor layer 337 may be
positioned on the upper surface of the third semicon-



35 EP 4 827 267 A1 36

ductor layer 335. The fourth semiconductor layer 337
may have a doping concentration higher than that of
the second semiconductor layer 333. The doping con-
centration of the fourth semiconductor layer 337 may
be about 1*1017 cm-3 or more and about 5*1020 cm-3
or less. The doping concentration of the fourth semi-
conductor layer 337 is not limited thereto and may be
variously changed.

[0170] The semiconductor device may include a plur-
ality of fourth semiconductor layers 337 arranged
spaced apart in the first direction X. The first direction
X may be a direction parallel to an upper surface of the
third semiconductor layer 335.

[0171] In some implementations, the gate electrode
350 may be positioned on the upper surface of the third
semiconductor layer 335. The gate electrode 350 may
be electrically connected to the third semiconductor
layer 335. For example, the gate electrode 350 may be
in contact with an upper surface of the third semicon-
ductor layer 335, but is not limited thereto. Another
layer may be positioned between the gate electrode
350 and the third semiconductor layer 335.

[0172] The gate electrode 350 may be positioned be-
tween two fourth semiconductor layers 337 spaced
apart in the first direction X. The gate electrode 350
may be spaced apart from a side surface of the fourth
semiconductor layer 337 in the first direction X.

[0173] The semiconductor device may include a plur-
ality of gate electrodes 350 arranged spaced apart in
the first direction X. A plurality of gate electrodes 350
and a plurality of fourth semiconductor layers 337 may
be alternately and repeatedly arranged along the first
direction X on the upper surface of the third semicon-
ductor layer 335.

[0174] In the implementation shown in FIG. 11, the
gate electrode 350 is positioned on the upper surface
of the third semiconductor layer 335 and is electrically
connected with the third semiconductor layer 335, but
the implementation is not limited thereto. For example,
the gate electrode 350 may be positioned on the upper
surface of the second semiconductor layer 333 and
may be electrically connected to the second semicon-
ductor layer 333. In this case, the semiconductor de-
vice may include a plurality of fourth semiconductor
layers 337 and a plurality of third semiconductor layers
335 that are spaced apart and arranged in the first
direction X, and the gate electrode 350 may be posi-
tioned between two fourth semiconductor layers 337
spaced apart in the first direction X and two third semi-
conductor layers 335 spaced apart in the first direction
X. For example, the gate electrode 350 may be in con-
tact with an upper surface of the second semiconductor
layer 333, but is not limited thereto. Another layer may
be positioned between the gate electrode 350 and the
second semiconductor layer 333.

[0175] The first electrode 373 may be positioned on
the upper surface of the fourth semiconductor layer
337. The first electrode 373 may be electrically con-
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nected to the fourth semiconductor layer 337. For ex-
ample, the first electrode 373 may be in contact with an
upper surface of the fourth semiconductor layer 337,
but is not limited thereto. Another layer may be posi-
tioned between the first electrode 373 and the fourth
semiconductor layer 337.

[0176] The semiconductor device may include a plur-
ality of first electrodes 373 arranged spaced apart in
the first direction X. Each first electrode 373 may be
positioned on each fourth semiconductor layer 337.
[0177] The first electrode 373 and the gate electrode
350 may include a conductive material. For example,
the first electrode 373 and the gate electrode 350 each
may include a metal, an alloy, a conductive metal ni-
tride, a metal silicide, a doped semiconductor material,
a conductive metal oxide, a conductive metal oxyni-
tride, or a combination thereof. The first electrode 373
and the gate electrode 350 each may include titanium
nitride (TiN), tantalum carbide (TaC), tantalum nitride
(TaN), titanium silicon nitride (TiSiN), tantalum silicon
nitride (TaSiN), tantalum titanium nitride (TaTiN), tita-
nium aluminum nitride (TiAIN), tantalum aluminum ni-
tride (TaAIN), tungsten nitride (WN), ruthenium (Ru),
titanium aluminum (TiAl), titanium aluminum carboni-
tride (TiAIC-N), titanium aluminum carbide (TiAIC), tita-
nium carbide (TiC), tantalum carbonitride (TaCN), tung-
sten (W), aluminum (Al), copper (Cu), cobalt (Co), tita-
nium (Ti), tantalum (Ta), nickel (Ni), platinum (Pt), nick-
el platinum (Ni-Pt), niobium (Nb), niobium nitride (NbN),
niobium carbide (NbC), molybdenum (Mo), molybde-
num nitride (MoN), molybdenum carbide (MoC), tung-
sten carbide (WC), rhodium (Rh), palladium (Pd), iri-
dium (Ir), osmium (Os), silver (Ag), gold (Au), zinc
(Zn), vanadium (V), or a combination thereof, but is not
limited thereto. The first electrode 373 and the gate
electrode 350 each may be formed of a single layer or
a plurality of layers.

[0178] In some implementations, the first electrode
373 and the gate electrode 350 may include different
materials, but is not limited thereto.

[0179] The semiconductor device may include a first
protective layer 341 and a second protective layer 342.
The first protective layer 341 may be positioned on the
third semiconductor layer 335 and the fourth semicon-
ductor layer 337. The first protective layer 341 may
cover the upper surface of the third semiconductor
layer 335 and the upper surface of the fourth semicon-
ductor layer 337. The first protective layer 341 may
cover a portion of a side surface of the gate electrode
350 on the third semiconductor layer 335. The first pro-
tective layer 341 may cover a portion of a side surface
of the first electrode 373 over the fourth semiconductor
layer 337. The second protective layer 342 may be
positioned on the first protective layer 341 and the gate
electrode 350. The second protective layer 342 may
cover the upper surface and side surface of the first
protective layer 341. The second protective layer 342
may cover the upper surface and side surface of the
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gate electrode 350. The second protective layer 342
may cover the remaining portion of the side surface of
the gate electrode 350 that is not covered by the first
protective layer 341.

[0180] The first protective layer 341 and the second
protective layer 342 may include an insulating material.
For example, the first protective layer 341 and the sec-
ond protective layer 342 may each include silicon
oxide, silicon phosphide, silicon nitride, silicon oxyni-
tride, or a combination thereof, but are not limited
thereto.

[0181] The second electrode 375 may be positioned
on the second surface 710b of the buffer layer 710. The
second electrode 375 may be electrically connected to
the first semiconductor layer 331 through the buffer
layer 710. The second electrode 375 may include a
conductive material. For example, the second electrode
375 may include a metal, an alloy, a conductive metal
nitride, a metal silicide, a doped semiconductor materi-
al, a conductive metal oxide, a conductive metal oxyni-
tride, or a combination thereof. The second electrode
may include titanium nitride (TiN), tantalum carbide
(TaC), tantalum nitride (TaN), titanium silicon nitride (Ti-
SiN), tantalum silicon nitride (TaSiN), tantalum titanium
nitride (TaTiN), titanium aluminum nitride (TiAIN), tanta-
lum aluminum nitride (TaAIN), tungsten nitride (WN),
ruthenium (Ru), titanium aluminum (TiAl), titanium alu-
minum carbonitride (TiAIC-N), titanium aluminum car-
bide (TiAIC), titanium carbide (TiC), tantalum carboni-
tride (TaCN), tungsten (W), aluminum (Al), copper (Cu),
cobalt (Co), titanium (Ti), tantalum (Ta), nickel (Ni), pla-
tinum (Pt), nickel platinum (Ni-Pt), niobium (Nb), nio-
bium nitride (NbN), niobium carbide (NbC), molybde-
num (Mo), molybdenum nitride (MoN), molybdenum
carbide (MoC), tungsten carbide (WC), rhodium (Rh),
palladium (Pd), iridium (Ir), osmium (Os), silver (Ag),
gold (Au), zinc (Zn), vanadium (V), or combinations
thereof, but is not limited thereto. The second electrode
375 may be formed as a single layer or a multilayer.
[0182] In some implementations, the first electrode
373 and the second electrode 375 may include different
materials, but is not limited thereto.

[0183] The semiconductor device may be a thyristor.
For example, the semiconductor device may be a gate
turn-off thyristor in which a PNP transistor and an NPN
transistor are combined and that may be turned on/off
through a gate electrode. The second semiconductor
layer 333, the third semiconductor layer 335, and the
fourth semiconductor layer 337 may form a PNP tran-
sistor. The third semiconductor layer 335 may be the
base region of the PNP transistor. The first semicon-
ductor layer 331, the second semiconductor layer 333,
and the third semiconductor layer 335 may constitute
an NPN transistor. The second semiconductor layer
333 may be the base region of the NPN transistor. The
gate electrode 350 may be electrically connected to the
third semiconductor layer 335, but is not limited thereto.
For example, the gate electrode 350 may be electrically
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connected to the second semiconductor layer 333. A
current may flow between the fourth semiconductor
layer 337 and the first semiconductor layer 331 by a
voltage applied to the gate electrode 350. When the
semiconductor device is a thyristor, the first electrode
373 may be referred to as an anode electrode, and the
second electrode 375 may be referred to as a cathode
electrode.

[0184] The semiconductor device may include a buf-
fer layer 710 between a SiC substrate and a semicon-
ductor layer formed on the SiC substrate through an
epitaxial growth process. The buffer layer 710 may
serve to mitigate crystal defects propagated from the
substrate. Accordingly, the electrical performance and
reliability of the semiconductor device may be im-
proved.

[0185] According to some implementations, when the
SiC substrate is omitted in the final structure of the
semiconductor device, the buffer layer 710 may be po-
sitioned between the second electrode 375 and the
semiconductor layer. For example, in a case where the
semiconductor device includes a plurality of semicon-
ductor layers formed by an epitaxial growth process,
the buffer layer 710 may be positioned between the
lowermost semiconductor layer among the plurality of
semiconductor layers and the second electrode 375.
[0186] The semiconductor device may include the
first semiconductor layer 331, the second semiconduc-
tor layer 333, the third semiconductor layer 335, and
the fourth semiconductor layer 337 formed on a SiC
substrate through an epitaxial growth process. In this
case, among the first semiconductor layer 331, the sec-
ond semiconductor layer 333, the third semiconductor
layer 335, and the fourth semiconductor layer 337, the
first semiconductor layer 331 may be the lowest semi-
conductor layer. The buffer layer 710 of the semicon-
ductor device may be positioned between the first
semiconductor layer 331, which is the lowermost semi-
conductor layer, and the second electrode 375.

[0187] The buffer layer 710 may include the first sur-
face 710a and the second surface 710b opposite to the
first surface 710a. The first semiconductor layer 331,
the second semiconductor layer 333, the third semicon-
ductor layer 335, and the fourth semiconductor layer
337 are positioned on the first surface 710a of the buf-
fer layer 710, and the second electrode 375 may be
positioned on the second surface 710b of the buffer
layer 710.

[0188] The buffer layer 710 may include the same
semiconductor material as the first semiconductor layer
331, the second semiconductor layer 333, the third
semiconductor layer 335, and the fourth semiconductor
layer 337. For example, the buffer layer 710 may be
formed through an epitaxial growth process using the
identical semiconductor material as a seed for the first
semiconductor layer 331, the second semiconductor
layer 333, the third semiconductor layer 335, and the
fourth semiconductor layer 337. The buffer layer 710
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may include SiC.

[0189] The buffer layer 710 may include a semicon-
ductor material doped with impurities. The buffer layer
710 may include a semiconductor material doped with
an impurity of the first conductivity type. For example,
the first conductivity type may be n-type.

[0190] The buffer layer 710 may include a first buffer
layer 711 including a first element (X) homologous to
Si. The first buffer layer 711 may include SiquC1_p_q.
The content of the first element (X) in the first buffer
layer 711 may be about 10 at% to about 50 at%. That
is, in the first buffer layer 711, the composition of
SiquC1_p_q may be p>0 and 0.1<g<0.5.

[0191] For example, the first element (X) may be Ge.
When the first element (X) is Ge, the first buffer layer
711 may include SipGeqC1_p_q. The composition of Sip_
Ge,Cq.pq in the first buffer layer 711 may have p>0 and
0.1<9<0.5. However, the implementation is not limited
thereto, and the first element (X) may be variously
changed.

[0192] For example, the first element (X) may be C.
In this case, the first buffer layer 711 may include SiC,,,
and m may be greater than 1. That is, within the first
buffer layer 711, the content (at%) of C may be higher
than the content (at%) of Si.

[0193] The thickness of the first buffer layer 711 in
the third direction Z may be greater than about 0 nm
and not more than about 30 nm. When the thickness of
the first buffer layer 711 in the third direction Z is great-
er than about 0 nm and not more than about 30 nm, the
propagation distance of defects in the first buffer layer
711 may be shortened, thereby reducing the defect
density reaching the upper layer of the first buffer layer
711.

[0194] In some implementations, the buffer layer 710
may further include a second buffer layer 712. The sec-
ond buffer layer 712 may be positioned on the first buf-
fer layer 711. The second buffer layer 712 may be posi-
tioned between the first buffer layer 711 and the first
semiconductor layer 331. The content of the first ele-
ment (X) in the second buffer layer 712 may be differ-
ent from the content of the first element (X) in the first
buffer layer 711. The content of the first element (X) in
the second buffer layer 712 may be lower than the con-
tent of the first element (X) in the first buffer layer 711.
For example, in the second buffer layer 712, the con-
tent of the first element (X) may be about 0 at% to
about 1 at%. The second buffer layer 712 may include
SiquC1_p_q, where p > 0, and 0 < q < 1. For example,
the second buffer layer 712 may not include the first
element (X). In this case, the second buffer layer 712
may include SiC. In another example, the second buffer
layer 712 includes the first element (X), but the content
of the first element (X) may be about 1 at% or less. In
this case, the second buffer layer 712 may include
SiquC1_p_q, where p>0 and 0<qg<1.

[0195] The buffer layer 710 of the semiconductor de-
vice includes the first buffer layer 711 including a first
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element homologous to Si, and when the content of the
first element in the first buffer layer 711 is about 10 at%
to about 50 at%, it may be possible to prevent thread-
ing dislocations propagating through the semiconductor
layer positioned on the buffer layer 710 (for example,
the first semiconductor layer 331, the second semicon-
ductor layer 333, the third semiconductor layer 335,
and/or the fourth semiconductor layer 337).

[0196] The buffer layer 710 of the semiconductor de-
vice includes the second buffer layer 712 including a
first element homologous to Si, and, since the content
of the first element in the second buffer layer 712 is
about 1 at% or less, the film quality of a semiconductor
layer (e.g., a first semiconductor layer 331, a second
semiconductor layer 333, a third semiconductor layer
335, and/or a fourth semiconductor layer 337) posi-
tioned on the buffer layer 710 may be improved.

[0197] Hereinafter, a modified example of the semi-
conductor device according to the implementation
shown in FIG. 11 will be described with reference to
FIG. 12.

[0198] FIG. 12 is a cross-sectional view of an exam-
ple of a semiconductor device. In the implementation
shown in FIG. 12, a buffer layer 720, a first buffer layer
721, and a second buffer layer 722 may correspond to
the buffer layer 710, first buffer layer 711, and second
buffer layer 712 of the implementation shown in FIG.
11. In the implementation illustrated in FIG. 12, compo-
nents identical to those of the implementation illu-
strated in FIG. 11 may be referred to by identical draw-
ing reference numerals. The implementation shown in
FIG. 12 may have a positional relationship between the
first buffer layer 721 and the second buffer layer 722
that is partially different from the implementation shown
in FIG. 11. Hereinafter, differences will be mainly de-
scribed, and redundant explanations will be omitted or
briefly stated.

[0199] As shown in FIG. 12, the buffer layer 720 may
be positioned between the second electrode 375 and
the first semiconductor layer 331. The buffer layer 720
may include a first surface 720a and a second surface
720b opposite to the first surface 720a. The first semi-
conductor layer 331, the second semiconductor layer
333, the third semiconductor layer 335, and the fourth
semiconductor layer 337 are positioned on the first sur-
face 720a of the buffer layer 720, and the second elec-
trode 375 may be positioned on the second surface
720b of the buffer layer 720.

[0200] The buffer layer 720 may include the first buf-
fer layer 721 and the second buffer layer 722. The first
buffer layer 721 may be positioned on the second buf-
fer layer 722. The first buffer layer 721 may be posi-
tioned between the second buffer layer 722 and the
first semiconductor layer 331. The second buffer layer
722 may be positioned between the second electrode
375 and the first buffer layer 721.

[0201] With respect to the material of the first buffer
layer 721 and the thickness in the third direction Z, the
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explanation regarding the material of the first buffer
layer 711 of FIG. 11 and the thickness in the third direc-
tion Z may be equally applied. As for the material of the
second buffer layer 722, the description of the material
of the second buffer layer 712 of FIG. 11 may be
equally applied.

[0202] Hereinafter, with reference to FIG. 13 and
FIG. 14, variations of the semiconductor device accord-
ing to the implementation illustrated in FIG. 11 will be
described.

[0203] FIG. 13 is a cross-sectional view of an exam-
ple of a semiconductor device. FIG. 14 is a cross-sec-
tional view of an example of a semiconductor device. In
the implementation shown in FIG. 13, a buffer layer
730, a first buffer layer 731, and a second buffer layer
732 may correspond to the buffer layer 710, the first
buffer layer 711, and the second buffer layer 712 of the
implementation shown in FIG. 11. In the implementa-
tion shown in FIG. 14, a buffer layer 740, a first buffer
layer 741, and a second buffer layer 742 may corre-
spond to the buffer layer 710, the first buffer layer 711,
and the second buffer layer 712 of the implementation
shown in FIG. 11. In each implementation shown in
FIG. 13 and FIG. 14, components identical to those of
the implementation shown in FIG. 11 may be referred
to by identical drawing reference numerals. In the im-
plementation shown in FIG. 13, the buffer layer 730
may further include a third buffer layer 733, and in the
implementation shown in FIG. 14, the buffer layer 740
may further include a third buffer layer 743, such that
these aspects may be partially different from the imple-
mentation shown in FIG. 11. Hereinafter, differences
will be mainly described, and overlapping descriptions
may be omitted or briefly stated.

[0204] As illustrated in FIG. 13, the buffer layer 730
may be positioned between the second electrode 375
and the first semiconductor layer 331. The buffer layer
730 may include a first surface 730a and a second sur-
face 730b opposite to the first surface 730a. The first
semiconductor layer 331, second semiconductor layer
333, third semiconductor layer 335, and fourth semi-
conductor layer 337 are positioned on the first surface
730a of the buffer layer 730, and the second electrode
375 may be positioned on the second surface 730b of
the buffer layer 730.

[0205] The buffer layer 730 may include the first buf-
fer layer 731, the second buffer layer 732, and the third
buffer layer 733. The first buffer layer 731 may be posi-
tioned on the second buffer layer 732. The third buffer
layer 733 may be positioned on the first buffer layer
731. The first buffer layer 731 may be positioned be-
tween the second buffer layer 732 and the third buffer
layer 733. The second buffer layer 732 may be posi-
tioned between the second electrode 375 and the first
buffer layer 731. The third buffer layer 733 may be po-
sitioned between the first buffer layer 731 and the first
semiconductor layer 331.

[0206] With respect to the material and thickness in
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the third direction Z of the first buffer layer 731, the
explanation concerning the material and thickness in
the third direction Z of the first buffer layer 711 of FIG.
11 may be equally applied. With respect to the material
of the second buffer layer 732, the description of the
material of the second buffer layer 712 of FIG. 1 may
be equally applied.

[0207] The content of the first element (X) in the third
buffer layer 733 may be different from the content of the
first element (X) in the first buffer layer 731. The con-
tent of the first element (X) in the third buffer layer 733
may be lower than the content of the first element (X) in
the first buffer layer 731. For example, the content of
the first element (X) in the third buffer layer 733 may be
about 0 at% to about 1 at%. For example, the third
buffer layer 733 may not include the first element (X).
In another example, the third buffer layer 733 may in-
clude the first element (X), but the content of the first
element (X) may be about 1 at% or less.

[0208] In some implementations, the content (at%) of
the first element (X) in the third buffer layer 733 may be
identical to the content (at%) of the first element (X) in
the second buffer layer 732. For example, the second
buffer layer 732 and the third buffer layer 733 may not
include the first element (X). In another example, the
second buffer layer 732 and the third buffer layer 733
may include the first element (X), and the content of the
first element (X) may be n (0 <n < 1) at%.

[0209] As shown in FIG. 14, the buffer layer 740 may
be positioned between the second electrode 375 and
the first semiconductor layer 331. The buffer layer 740
may include a first surface 740a and a second surface
740b opposite to the first surface 740a. The first semi-
conductor layer 331, second semiconductor layer 333,
third semiconductor layer 335, and fourth semiconduc-
tor layer 337 are positioned on the first surface 740a of
the buffer layer 740, and the second electrode 375 may
be positioned on the second surface 740b of the buffer
layer 740.

[0210] The buffer layer 740 may include the first buf-
fer layer 741, the second buffer layer 742, and the third
buffer layer 743. The first buffer layer 741 may be posi-
tioned on the second buffer layer 742. The third buffer
layer 743 may be positioned on the first buffer layer
741. The first buffer layer 741 may be positioned be-
tween the second buffer layer 742 and the third buffer
layer 743. The second buffer layer 742 may be posi-
tioned between the second electrode 375 and the first
buffer layer 741. The third buffer layer 743 may be po-
sitioned between the first buffer layer 741 and the first
semiconductor layer 331.

[0211] With respect to the material of the first buffer
layer 741 and the thickness according to the third direc-
tion Z, the description regarding the material of the first
buffer layer 711 of FIG. 6 and the thickness according
to the third direction Z may be equally applied. With
respect to the material of the second buffer layer 742,
the explanation regarding the material of the second
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buffer layer 712 of FIG. 11 may be equally applied.
[0212] The content (at%) of the first element (X) in
the third buffer layer 743 may be different from the con-
tent (at%) of the first element (X) in the first buffer layer
741. The content (at%) of the first element (X) in the
third buffer layer 743 may be lower than the content
(at%) of the first element (X) in the first buffer layer
741. For example, in the third buffer layer 743, the con-
tent of the first element (X) may be about 0 at% to
about 1 at%. For example, the third buffer layer 743
may not include the first element (X). In another exam-
ple, the third buffer layer 743 may include the first ele-
ment (X), wherein the content of the first element (X)
may be about 1 at% or less.

[0213] In some implementations, the content of the
first element (X) in the third buffer layer 743 may be
different from the content of the first element (X) in the
second buffer layer 742. For example, in the third buffer
layer 743, the content of the first element (X) may be
higher than the content of the first element (X) in the
second buffer layer 742. For example, the second buf-
fer layer 742 may not include the first element (X), and
the third buffer layer 743 may include the first element
(X), but the content of the first element (X) in the third
buffer layer 743 may be about 1 at% or less. In another
example, the second buffer layer 742 and the third buf-
fer layer 743 may each include the first element (X), the
content of the first element (X) in the second buffer
layer 742 is s (0<s<1) at%, and the content of the first
element (X) in the third buffer layer 743 may be t
(s<t<1) at%. However, the implementations is not lim-
ited thereto. For example, the content (at%) of the first
element (X) in the second buffer layer 742 may be high-
er than the content (at%) of the first element (X) in the
third buffer layer 743.

[0214] Hereinafter, with reference to FIG. 15, a varia-
tion of the semiconductor device according to the im-
plementation illustrated in FIG. 11 will be described.
[0215] FIG. 15 is a cross-sectional view of an exam-
ple of a semiconductor device. In the implementation
shown in FIG. 15, a buffer layer 750 may correspond
to the buffer layer 710 of the implementation shown in
FIG. 11. In the implementation shown in FIG. 15, the
components identical to the components of the imple-
mentation shown in FIG. 11 may be referenced by iden-
tical drawing reference numerals. The implementation
shown in FIG. 15 may differ in part from the implemen-
tation shown in FIG. 11 in that the entire buffer layer
750 includes a first element (X) homologous to Si, and
the content of the first element (X) in the buffer layer
750 is about 10 at% to about 50 at%. Hereinafter, dif-
ferences will be mainly described, and redundant de-
scriptions will be omitted or briefly stated.

[0216] As illustrated in FIG. 15, the buffer layer 750
may be positioned between the second electrode 375
and the first semiconductor layer 331. The buffer layer
750 may include a first surface 750a and a second sur-
face 750b, which is an opposite surface of the first sur-
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face 750a. On the first surface 750a of the buffer layer
750, the first semiconductor layer 331, the second
semiconductor layer 333, the third semiconductor layer
335, and the fourth semiconductor layer 337 are posi-
tioned, and on the second surface 750b of the buffer
layer 750, the second electrode 375 may be positioned.
[0217] In the implementation shown in FIG. 11, the
buffer layer 710 includes the first buffer layer 711 and
the second buffer layer 712 having different contents of
the first element (X), whereas in the implementation
shown in FIG. 15, the buffer layer 750 may be formed
as a single layer including the first element (X). The
content of the first element (X) in the buffer layer 750
may be identical to the content of the first element (X)
in the first buffer layer 711. The content of the first ele-
ment (X) in the buffer layer 750 may be about 10 at% to
about 50 at%. The thickness of the buffer layer 750 in
the third direction Z may be the same as the thickness
of the first buffer layer 711 in the third direction Z. The
thickness of the buffer layer 750 in the third direction Z
may be greater than about 0 nm and less than or equal
to about 30 nm. The buffer layer 750 of the implemen-
tation shown in FIG. 15 may include only the first buffer
layer 711 of the implementation shown in FIG. 11.
[0218] Hereinafter, a method for manufacturing a
semiconductor device according to the implementation
shown in FIG. 1 will be described with reference to
FIGS. 16 to 23.

[0219] FIGS. 16, 17, 18, 19, 20, 21, 22, and 23 are
cross-sectional views illustrating an example of a meth-
od of manufacturing a semiconductor device.

[0220] As shown in FIG. 16, a first buffer layer 511
may be formed on a substrate 110.

[0221] The substrate 110 may be a semiconductor
substrate including SiC. For example, the substrate
110 may be formed of a 4H SiC substrate. In some
cases, the substrate 110 may be formed of a 3C SiC
substrate, a 6H SiC substrate, and the like. The sub-
strate 110 may have a first conductivity type. The first
conductivity type may be n-type; however, it is not lim-
ited thereto. The doping concentration of the substrate
110 may be about 1*1017 cm-3 or more and about
5*1020 cm3 or less. The resistivity of the substrate 110
may be about 0.005 Qcm or more and about 0.035
Qcm or less. The thickness of the substrate 110 may
be about 10 wm or greater and about 700 pum or less.
The material, doping type, doping concentration, resis-
tivity, thickness, and the like of the substrate 110 are
not limited thereto, and may be variously modified.
[0222] The first buffer layer 511 may be formed on
the first surface 110a of the substrate 110. A lower sur-
face of the first buffer layer 511 may contact the first
surface 110a of the substrate 110. However, the pre-
sent disclosure is not limited thereto, and a predeter-
mined other layer may be further positioned between
the substrate 110 and the first buffer layer 511. The first
buffer layer 511 may be an epitaxy layer formed
through an epitaxial growth process from the substrate
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110.

[0223] The first buffer layer 511 may include a first
element (X) homologous to Si. The first buffer layer
511 may be formed by injecting the first element (X)
during an epitaxial growth process. The first element
(X) is an element belonging to the same group as Si,
and even when the first element (X) is injected, the
carrier concentration or conduction type of the first buf-
fer layer 511 may not be changed. The first buffer layer
511 may include Si;X,Cy.y.q The content of the first
element (X) in the first buffer layer 511 may be about
10 at% to about 50 at%. That is, in the first buffer layer
511, the composition of SiquC1_p_q may be such that
p>0 and 0.1<g<0.5.

[0224] For example, the first element (X) may be Ge.
When the first element (X) is Ge, the first buffer layer
511 may include SiyGe4C.,.4- The composition of Siy,.
GeqC1_p_q in the first buffer layer 511 may have p>0 and
0.1<g<0.5.

[0225] The first buffer layer 511 may have the first
conductivity type. The first conductivity type may be n-
type. For example, the first buffer layer 511 may be
formed by doping a first conductivity type impurity dur-
ing an epitaxial growth process. The first conductivity
type impurity may, for example, be n-type, but is not
limited thereto. The doping concentration of the first
buffer layer 511 may be lower than the doping concen-
tration of the substrate 110, but is not limited thereto.
[0226] The thickness of the first buffer layer 511 in
the third direction Z may be greater than about 0 nm
and less than or equal to about 30 nm.

[0227] As shown in FIG. 17, a second buffer layer
512 may be formed on the first buffer layer 511.

[0228] The second buffer layer 512 may be formed
on the upper surface of the first buffer layer 511. The
second buffer layer 512 may be an epitaxial layer
formed through an epitaxial growth process from the
first buffer layer 511.

[0229] The content of the first element (X) in the sec-
ond buffer layer 512 may be different from the content
of the first element (X) in the first buffer layer 511. The
content of the first element (X) in the second buffer
layer 512 may be lower than the content of the first
element (X) in the first buffer layer 511. The content of
the first element (X) in the second buffer layer 512 may
be about 0 at% to about 1 at%. For example, the sec-
ond buffer layer 512 may not include the first element
(X). In this case, the second buffer layer 512 may in-
clude SiC. In another example, the second buffer layer
512 may include the first element (X), and the content
of the first element (X) in the second buffer layer 512
may be about 1 at% or less. In this case, the second
buffer layer 512 includes Si,X,C4_,_5, and in the second
buffer layer 512, the composition of SiquC1_p_q may be
such that p>0 and 0<qg<1.

[0230] The second buffer layer 512 may have the first
conductivity type. The first conductivity type may be n-
type. The doping concentration of the second buffer
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layer 512 may be the same (e.g., identical) to the dop-
ing concentration of the first buffer layer 511, but is not
limited thereto.

[0231] The first buffer layer 511 and the second buf-
fer layer 512 may form the buffer layer 510. The buffer
layer 510 includes the first buffer layer 511 including a
first element homologous to Si, and according to the
content of the first element in the first buffer layer 511
being about 10 at% to about 50 at%, crystal defects
(e.g., dislocation) present in the substrate 110 may be
prevented from being extended to the epitaxial layers
formed on the substrate 110 along the crystal growth
direction through the epitaxial growth process on the
substrate 110. When the thickness of the first buffer
layer 511 in the third direction Z is greater than about 0
nm and not more than about 30 nm, the distance over
which a defect is propagated through the first buffer
layer 511 may be shortened, thereby reducing the de-
fect density reaching the upper layer of the first buffer
layer 511.

[0232] The buffer layer 510 includes the second buf-
fer layer 512 including a first element homologous to Si,
and, in the second buffer layer 512, the content of the
first element is about 1 at% or less, such that the film
quality of a semiconductor layer (e.g., the second con-
ductivity type semiconductor layer 131 and/or the first
conductivity type semiconductor layer 133) to be
formed on the buffer layer 510 may be improved.
[0233] In another implementation, when the second
buffer layer 512 is first formed on the substrate 110,
and the first buffer layer 511 is formed on the second
buffer layer 512, a semiconductor device according to
the implementation shown in FIG. 2 may be manufac-
tured.

[0234] In another implementation, the second buffer
layer 512 may be first formed on the substrate 110, the
first buffer layer 511 may be formed on the second
buffer layer 512, and a third buffer layer may be formed
on the first buffer layer 511, so that a semiconductor
device according to the implementations shown in FIG.
3 and FIG. 4 may be manufactured. At this time, the
content of the first element (X) in the third buffer layer
may be about 0 at% to about 1 at%. For example, when
the content of the first element (X) in the third buffer
layer is identical to the content of the first element (X)
in the second buffer layer 512, a semiconductor device
according to the implementation shown in FIG. 3 may
be manufactured. As another example, when the con-
tent of the first element (X) in the third buffer layer is
different from the content of the first element (X) in the
second buffer layer 512, a semiconductor device ac-
cording to the implementation shown in FIG. 4 may be
manufactured.

[0235] In another implementation, only the first buffer
layer 511 is formed on the substrate 110, and when
subsequent processes are performed, a semiconductor
device according to the implementation illustrated in
FIG. 5 may be manufactured. In this case, the buffer
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layer 510 of the semiconductor device may include only
the first buffer layer 511.

[0236] As shown in FIG. 18, a second conductivity
type semiconductor layer 131 may be formed on the
buffer layer 510.

[0237] The second conductivity type semiconductor
layer 131 may be formed on the upper surface of the
second buffer layer 512. The second conductivity type
semiconductor layer 131 may be an epitaxial layer
formed by an epitaxial growth process from the second
buffer layer 512. The second conductivity type semi-
conductor layer 131 may include SiC.

[0238] The second conductivity type semiconductor
layer 131 may include a second conductivity type im-
purity. For example, the second conductivity type semi-
conductor layer 131 may be formed by doping the sec-
ond conductivity type impurity during an epitaxial
growth process. The second conductivity type may be
p-type. The second conductivity type impurity may, for
example, be Al, but is not limited thereto.

[0239] As shown in FIG. 19, a first conductivity type
semiconductor layer 133 may be formed on the second
conductivity type semiconductor layer 131.

[0240] The first conductivity type semiconductor layer
133 may be formed on the upper surface of the second
conductivity type semiconductor layer 131. The first
conductivity type semiconductor layer 133 may be an
epitaxial layer formed on the second conductivity type
semiconductor layer 131 through an epitaxial growth
process. The first conductivity type semiconductor layer
133 may include SiC.

[0241] The first conductivity type semiconductor layer
133 may include a first conductivity type impurity. For
example, the first conductivity type semiconductor layer
133 may be formed by doping the first conductivity type
impurity during an epitaxial growth process. The first
conductivity type may be n-type.

[0242] The doping concentration of the first conduc-
tivity type semiconductor layer 133 may be about
1*10"4cm-3 or more and about 1*1017cm3 or less. The
thickness of the first conductivity type semiconductor
layer 133 in the third direction Z may be about 1 um or
more and about 13 um or less. The doping concentra-
tion and thickness of the first conductivity type semi-
conductor layer 133 are not limited thereto and may be
variously changed.

[0243] In another implementation, without forming
the second conductivity type semiconductor layer 131,
the first conductivity type semiconductor layer 133 is
formed on the buffer layer 510, the first conductivity
type semiconductor layer 133 is patterned and spaced
apart and arranged in the first direction X, a plurality of
pillar trenches each extending in the third direction Z
are formed, and a plurality of pillar layers filling the
plurality of pillar trenches may be formed through an
epitaxial growth process. For example, the plurality of
pillar layers filling the inside of the plurality of pillar
trenches may be formed by being grown from the side
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surfaces of the plurality of pillar trenches through a side
surface epitaxial growth process. As another example,
a pillar material layer filling the inside of the plurality of
pillar trenches may be formed by growing from the
sidewalls and bottom surfaces of the plurality of pillar
trenches through an isotropic epitaxial growth process,
and a plurality of pillar layers having an upper surface
aligned with (e.g., identical to) the upper surface of the
first conductivity type semiconductor layer 133 may be
formed by removing a portion of the pillar material layer
formed on the upper surface of the first conductivity
type semiconductor layer 133. The plurality of pillar
layers may be positioned between a plurality of second
conductivity type well region 135, which is spaced apart
and arranged in a first direction X formed in a subse-
quent process, and the buffer layer 510. In this case, a
semiconductor device according to the implementa-
tions shown in FIGS. 6 to 10 may be manufactured.
[0244] As shown in FIG. 20, the second conductivity
type well region 135 and the first conductivity type well
region 137 may be formed in the first conductivity type
semiconductor layer 133.

[0245] The second conductivity type well region 135
and the first conductivity type well region 137 may be
formed in the first conductivity type semiconductor
layer 133 by an ion implantation process. The second
conductivity type well region 135 may be a region
doped with an impurity of a second conductivity type,
and the first conductivity type well region 137 may be a
region doped with an impurity of a first conductivity
type. The second conductivity type may be p-type, and
the first conductivity type may be n-type.

[0246] The doping concentration of the second con-
ductivity type well region 135 may be lower than the
doping concentration of the second conductivity type
semiconductor layer 131. The doping concentration of
the second conductivity type well region 135 may be
about 1*1017 ¢cm3 or more and about 1*101°® cm=3 or
less. The thickness of the second conductivity type well
region 135 in the third direction Z may be about 0.3 um
or more and about 1.1 uwm or less. The doping concen-
tration and thickness of the second conductivity type
well region 135 are not limited thereto and may be var-
iously changed.

[0247] The doping concentration of the first conduc-
tivity type well region 137 may be higher than the dop-
ing concentration of the first conductivity type semicon-
ductor layer 133. The doping concentration of the first
conductivity type well region 137 may be about 1*1017
cm-! or more and about 5*1020 cm-3 or less. The thick-
ness of the first conductivity type well region 137 in the
third direction Z may be about 0.1 um or more and
about 0.5 pm or less. The doping concentration and
thickness of the first conductivity type well region 137
are not limited thereto and may be variously changed.
[0248] Subsequently, a gate trench GT may be
formed on the first conductivity type semiconductor
layer 133, the second conductivity type well region
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135, and the first conductivity type well region 137. The
gate trench (GT) may be formed by patterning the first
conductivity type semiconductor layer 133, the second
conductivity type well region 135, and the first conduc-
tivity type well region 137 through photolithography and
etching processes.

[0249] The gate trench GT may extend in the third
direction Z from the upper surface of the first conductiv-
ity type semiconductor layer 133 toward the lower sur-
face of the first conductivity type semiconductor layer
133. The gate trench GT may have a depth in the third
direction Z. The depth of the gate trench GT in the third
direction Z may be less than the thickness of the first
conductivity type semiconductor layer 133 in the third
direction Z. The depth of the gate trench GT in the third
direction Z may be greater than the thickness of the
second conductivity type well region 135 in the third
direction Z and the thickness of the first conductivity
type well region 137 in the third direction Z.

[0250] The bottom surface of the gate trench GT may
be formed by the upper surface of the first conductivity
type semiconductor layer 133. A sidewall of the gate
trench GT may be formed of a side surface of the first
conductivity type semiconductor layer 133, a side sur-
face of the second conductivity type well region 135,
and a side surface of the first conductivity type well
region 137.

[0251] A plurality of second conductivity type well re-
gions 135 spaced apart in the first direction X by the
gate trench GT and a plurality of first conductivity type
well regions 137 spaced apart in the first direction X by
the gate trench GT may be formed. The gate trench GT
may be positioned between the plurality of second con-
ductivity type well regions 135 spaced apart in the first
direction X and the plurality of first conductivity type
well regions 137 spaced apart in the first direction X.
The first direction X may be a direction parallel to the
upper surface of the first conductivity type semiconduc-
tor layer 133.

[0252] The gate trench GT may extend in the second
direction Y. The second direction Y may be parallel to
the upper surface of the first conductivity type semicon-
ductor layer 133, and may be a direction intersecting
with the first direction X. For example, the second di-
rection Y may be a direction orthogonal to the first di-
rection X.

[0253] As shown in FIG. 21, a gate insulating layer
151 and a gate electrode 150 may be formed in the
gate trench GT. The gate insulating layer 151 may be
formed on a bottom surface and sidewalls of the gate
trench GT, and the gate electrode 150 may be formed
on the gate insulating layer 151.

[0254] For example, a gate insulating material layer
may be deposited on the bottom surface and sidewalls
of the gate trench GT by a deposition process, and a
gate electrode material layer may be deposited on the
gate insulating material layer. Subsequently, through an
etching process, a portion of the gate insulating materi-
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al layer and the gate electrode material layer covering
the upper surfaces of the second conductivity type well
region 135 and the first conductivity type well region
137 may be removed, but is not limited thereto.

[0255] The gate insulating layer 151 may be formed
to have a uniform thickness along the bottom surface
and sidewalls of the gate trench GT, and may cover the
entire inner surface of the gate trench GT. The gate
electrode 150 may fill the remaining space after the
gate insulating layer 151 is formed in the gate trench
GT. The gate electrode 150 may be surrounded by the
gate insulating layer 151. The gate electrode 150 may
be spaced apart from the first conductivity type semi-
conductor layer 133, the second conductivity type well
region 135, and the first conductivity type well region
137 by the gate insulating layer 151.

[0256] The upper surface of the gate electrode 150
may be positioned at substantially the same level as
the upper surface of the second conductivity type well
region 135 and the upper surface of the first conductiv-
ity type well region 137, but is not limited thereto. For
example, the upper surface of the gate electrode 150
may be positioned at a lower level than the upper sur-
face of the second conductivity type well region 135
and the upper surface of the first conductivity type well
region 137.

[0257] The gate electrode 150 may overlap the sec-
ond conductivity type well region 135 and the first con-
ductivity type well region 137 in the first direction X. The
gate electrode 150 may overlap the first conductivity
type semiconductor layer 133 in the first direction X
and the third direction Z. The third direction Z may be a
direction perpendicular to an upper surface of the first
conductivity type semiconductor layer 133.

[0258] The gate electrode 150 may be adjacent to
the second conductivity type well region 135. When a
predetermined voltage is applied to the gate electrode
150, a channel connecting the first conductivity type
well region 137 and the first conductivity type semicon-
ductor layer 133 may be formed in the second conduc-
tivity type well region 135 with.

[0259] As shown in FIG. 22, a protective layer 140
may be formed on the gate insulating layer 151 and
the gate electrode 150, and a first electrode 173 may
be formed on the second conductivity type well region
135 and the first conductivity type well region 137.
[0260] The protective layer 140 may cover the upper
surfaces of the gate insulating layer 151 and the gate
electrode 150. The protective layer 140 may further
cover a portion of the upper surface of the first conduc-
tivity type well region 137 adjacent to the gate electrode
150.

[0261] The protective layer 140 may include an insu-
lating material. For example, the protective layer 140
may include silicon oxide, silicon phosphide, silicon ni-
tride, silicon oxynitride, or a combination thereof, but is
not limited thereto. The protective layer 140 may be
formed as a single layer or a multilayer.
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[0262] The first electrode 173 may cover upper sur-
faces of the second conductivity type well region 135
and the first conductivity type well region 137. The first
electrode 173 may be electrically connected to the first
conductivity type well region 137. For example, the first
electrode 173 may contact an upper surface of the first
conductivity type well region 137, but is not limited
thereto. Another layer may be further positioned be-
tween the first electrode 173 and the first conductivity
type well region 137. The first electrode 173 may be
positioned on both sides of the gate electrode 150 and
may be connected to the plurality of first conductivity
type well regions 137 spaced apart in the first direction
X.

[0263] The first electrode 173 may further cover the
protective layer 140. The first electrode 173 may cover
the side surface and the upper surface of the protective
layer 140.

[0264] The first electrode 173 may include a conduc-
tive material. For example, the first electrode 173 may
include a metal, an alloy, a conductive metal nitride, a
metal silicide, a doped semiconductor material, a con-
ductive metal oxide, a conductive metal oxynitride, or a
combination thereof. The first electrode 173 may in-
clude titanium nitride (TiN), tantalum carbide (TaC), tan-
talum nitride (TaN), titanium silicon nitride (TiSiN), tan-
talum silicon nitride (TaSiN), tantalum titanium nitride
(TaTiN), titanium aluminum nitride (TiAIN), tantalum
aluminum nitride (TaAlIN), tungsten nitride (WN), ruthe-
nium (Ru), titanium aluminum (TiAl), titanium aluminum
carbonitride (TiAIC-N), titanium aluminum carbide
(TIAIC), titanium carbide (TiC), tantalum carbonitride
(TaCN), tungsten (W), aluminum (Al), copper (Cu), co-
balt (Co), titanium (Ti), tantalum (Ta), nickel (Ni), plati-
num (Pt), nickel platinum (Ni-Pt), niobium (Nb), niobium
nitride (NbN), niobium carbide (NbC), molybdenum
(Mo), molybdenum nitride (MoN), molybdenum carbide
(MoC), tungsten carbide (WC), rhodium (Rh), palladium
(Pd), iridium (Ir), osmium (Os), silver (Ag), gold (Au),
zinc (Zn), vanadium (V), or a combination thereof, but
is not limited thereto. The first electrode 173 may be
formed as a single layer or a multilayer.

[0265] As shown in FIG. 23, the substrate 110 may
be removed, and the second electrode 175 may be
formed on the opposite surface of the buffer layer 510,
which is opposite to surface facing the second conduc-
tivity type semiconductor layer 131. However, the im-
plementations are not limited thereto. For example, at
least a portion of the substrate 110 may be left without
being removed. For instance, the substrate 110 may be
left intact, or the thickness of the substrate may be
reduced. In this case, the buffer layer 510 is positioned
on one surface of the substrate 110, and the second
electrode 175 may be positioned on the other surface
(opposite surface) of the substrate 110.

[0266] The second electrode 175 may include a con-
ductive material. For example, the second electrode
175 may include a metal, an alloy, a conductive metal
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nitride, a metal silicide, a doped semiconductor materi-
al, a conductive metal oxide, a conductive metal oxyni-
tride, or a combination thereof. The second electrode
175 may include titanium nitride (TiN), tantalum carbide
(TaC), tantalum nitride (TaN), titanium silicon nitride (Ti-
SiN), tantalum silicon nitride (TaSiN), tantalum titanium
nitride (TaTiN), titanium aluminum nitride (TiAIN), tanta-
lum aluminum nitride (TaAIN), tungsten nitride (WN),
ruthenium (Ru), titanium aluminum (TiAl), titanium alu-
minum carbonitride (TiAIC-N), titanium aluminum car-
bide (TiAIC), titanium carbide (TiC), tantalum carboni-
tride (TaCN), tungsten (W), aluminum (Al), copper (Cu),
cobalt (Co), titanium (Ti), tantalum (Ta), nickel (Ni), pla-
tinum (Pt), nickel platinum (Ni-Pt), niobium (Nb), nio-
bium nitride (NbN), niobium carbide (NbC), molybde-
num (Mo), molybdenum nitride (MoN), molybdenum
carbide (MoC), tungsten carbide (WC), rhodium (Rh),
palladium (Pd), iridium (Ir), osmium (Os), silver (Ag),
gold (Au), zinc (Zn), vanadium (V), or a combination
thereof, but is not limited thereto. The second electrode
175 may be formed as a single layer or a multilayer.
[0267] In some implementations, the second elec-
trode 175 may include a material different from the first
electrode 173, but is not limited thereto.

[0268] In some implementations, a method of manu-
facturing a semiconductor device includes forming a
first buffer layer on a SiC substrate, forming a first con-
ductivity type semiconductor layer on the first buffer
layer, forming a second conductivity type well region
and a first conductivity type well region in the first con-
ductivity type semiconductor layer, patterning the first
conductivity type semiconductor layer, the second con-
ductivity type well region, and the first conductivity type
well region to form a gate trench, forming a gate insu-
lating layer and a gate electrode in the gate trench,
forming a protective layer on the gate insulating layer
and the gate electrode, forming a first electrode on the
second conductivity type well region and the first con-
ductivity type well region, and forming a second elec-
trode on a surface of the first buffer layer opposite to
the surface facing the first conductivity type semicon-
ductor layer, the first buffer layer including a first ele-
ment, and the content of the first element in the first
buffer layer is 10 at% to 50 at%.

[0269] In some implementations, the method may
further include a step of forming a second buffer layer
between the SiC substrate and the first conductivity
type semiconductor layer, and the content of the first
element in the second buffer layer may be lower than
the content of the first element in the first buffer layer.
[0270] In some implementations, the content of the
first element in the second buffer layer may be 0 at%
to 1 at%.

[0271] In some implementations, the second buffer
layer may be formed on the first buffer layer.

[0272] In some implementations, the second buffer
layer is formed on the SiC substrate, and the first buffer
layer may be formed on the second buffer layer.
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[0273] In some implementations, the method may
further include a step of forming a third buffer layer
between the SiC substrate and the first conductivity
type semiconductor layer, and a content of the first ele-
ment within the third buffer layer may be lower than a
content of the first element within the first buffer layer.
[0274] In some implementations, the second buffer
layer is formed on the SiC substrate, the first buffer
layer is formed on the second buffer layer, and the third
buffer layer may be formed on the second buffer layer.
[0275] In some implementations, the content of the
first element in the third buffer layer may be different
from the content of the first element in the second buf-
fer layer.

[0276] In some implementations, the method may
further include a step of forming a second conductivity
type semiconductor layer between the first buffer layer
and the first conductivity type semiconductor layer.
[0277] In some implementations, the method may
further include a step of forming a second conductivity
type pillar layer between the SiC substrate and the sec-
ond conductivity type well region.

[0278] While this specification contains many specific
implementation details, these should not be construed
as limitations on the scope of any invention or on the
scope of what may be claimed, but rather as descrip-
tions of features that may be specific to particular im-
plementations of particular inventions. Certain features
that are described in this specification in the context of
separate implementations can also be implemented in
combination in a single implementation. Conversely,
various features that are described in the context of a
single implementation can also be implemented in mul-
tiple implementations separately or in any suitable sub-
combination. Moreover, although features may be de-
scribed above as acting in certain combinations, one or
more features from a combination can in some cases
be excised from the combination, and the combination
may be directed to a subcombination or variation of a
subcombination.

[0279] Embodiments are set out in the following
Clauses:

Clause 1. An SiC semiconductor device compris-
ing:

a buffer layer,

a first conductivity type semiconductor layer on
a first surface of the buffer layer,

a second conductivity type well region in the
first conductivity type semiconductor layer,

a first conductivity type well region in the sec-
ond conductivity type well region,

a gate electrode adjacent to the second con-
ductivity type well region,

a gate insulating layer between the gate elec-
trode and the second conductivity type well re-
gion,
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a first electrode on the first conductivity type
well region, and

a second electrode on a second surface of the
buffer layer, the second surface being opposite
to the first surface,

wherein the buffer layer includes a first buffer
layer and a second buffer layer, the first buffer
layer and the second buffer layer including
SipXqC1.p-q X being an element homologous
to Si,

wherein a composition of Si,X,C4 o, in the
first buffer layer is p>0, 0.1<g<0.5, and
wherein a composition of SiX,Cq_ o, in the
second buffer layer is p>0, 0<q<0.01.

Clause 2. The SiC semiconductor device of Clause
1,

wherein the second buffer layer is between the first
buffer layer and the first conductivity type semicon-
ductor layer.

Clause 3. The SiC semiconductor device of Clause
1 or Clause 2,

wherein the first buffer layer is between the second
buffer layer and the first conductivity type semicon-
ductor layer.

Clause 4. The SiC semiconductor device of Clause
3,

wherein the buffer layer includes a third buffer
layer, the third buffer layer including SipX,C._p.
Q

wherein a composition of Si;X,Cy o, in the
third buffer layer is p>0, 0<g<0.01, and
wherein the third buffer layer is between the
first buffer layer and the first conductivity type
semiconductor layer.

Clause 5. An SiC semiconductor device compris-
ing:

a buffer layer,

a first semiconductor layer of a first conductiv-
ity type, a second semiconductor layer of a
second conductivity type, a third semiconduc-
tor layer of the first conductivity type, and a
fourth semiconductor layer of the second con-
ductivity type, the first semiconductor layer, the
second semiconductor layer, the third semi-
conductor layer, and the fourth semiconductor
layer being sequentially stacked on a first sur-
face of the buffer layer,

a gate electrode on an upper surface of the
second semiconductor layer or the third semi-
conductor layer,

a first electrode on an upper surface of the
fourth semiconductor layer, and
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a second electrode on a second surface of the
buffer layer, wherein the second surface is an
opposite surface to the first surface,

wherein the buffer layer includes a first buffer
layer, the first buffer layer including a first ele-
ment homologous to Si, and

wherein a content of the first element in the
first buffer layer is 10 at% to 50 at%.

[0280] Although implementations of the present dis-
closure have been described in detail above, the scope
of rights of the present disclosure is not limited thereto,
and various modifications and improved forms by those
skilled in the art using the basic concepts of the present
disclosure defined in the following claims are also in-
cluded within the scope of rights of the present disclo-
sure.

Claims
1. An SiC semiconductor device comprising:

a buffer layer (510, 520, 530),

a first conductivity type semiconductor layer
(133) on a first surface (510a, 520a, 530a) of
the buffer layer (510, 520, 530),

a second conductivity type well region (135) in
the first conductivity type semiconductor layer
(133),

a first conductivity type well region (137) in the
second conductivity type well region (135),

a gate electrode (150) adjacent to the second
conductivity type well region (135),

a gate insulating layer (151) between the gate
electrode (150) and the second conductivity
type well region (135),

a first electrode (173) on the first conductivity
type well region (137), and

a second electrode (175) on a second surface
(510b, 520b, 530b) of the buffer layer (510,
520, 530), the second surface (510b, 520b,
230b) being opposite to the first surface
(510b, 520b, 530b),

wherein the buffer layer (510, 520, 530) in-
cludes a first buffer layer (511, 521, 531), the
first buffer layer (511, 521, 531) including a first
element homologous to Si, and

wherein a content of the first element in the
first buffer layer (511, 521, 531) is 10 at% to
50 at%.

2. The SiC semiconductor device of claim 1,

wherein the buffer layer (510) includes a sec-
ond buffer layer (512) between the first buffer
layer (511) and the first conductivity type semi-
conductor layer (133), and
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wherein a content of the first element in the
second buffer layer (512) is different from the
content of the first element in the first buffer
layer (511).

The SiC semiconductor device of claim 2,
wherein the content of the first element in the sec-
ond buffer layer (512) is 0 at% to 1 at%.

The SiC semiconductor device of claim 1,

wherein the buffer layer (520) includes a sec-
ond buffer layer (522),

wherein the first buffer layer (521) is between
the second buffer layer (522) and the first con-
ductivity type semiconductor layer (133), and
wherein a content of the first element in the
second buffer layer (522) is different from the
content of the first element in the first buffer
layer (521).

The SiC semiconductor device of claim 4,
wherein the content of the first element in the sec-
ond buffer (522) layer is 0 at% to 1 at%.

The SiC semiconductor device of claim 1,

wherein the buffer layer (530) includes a sec-
ond buffer layer (5632) and a third buffer layer
(533),

wherein the first buffer layer (531) is between
the second buffer layer (532) and the third buf-
fer layer (533), and the third buffer layer (533)
is between the first buffer layer (533) and the
first conductivity type semiconductor layer
(133), and

wherein a content of the first element in the
second buffer layer (532) and a content of the
first element in the third buffer layer (533) are
different from the content of the first element in
the first buffer layer (531).

The SiC semiconductor device of claim 6,

wherein the content of the first element in the
second buffer (632) layer is 0 at% to 1 at%,
and

wherein the content of the first element in the
third buffer layer (533) is 0 at% to 1 at%.

The SiC semiconductor device of claim 6 or claim
7,

wherein the content of the first element in the sec-
ond buffer layer (532) is different from the content
of the first element in the third buffer layer (533).

The SiC semiconductor device of any preceding
claim, comprising a second conductivity type semi-
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conductor layer (131) between the buffer layer
(510, 520, 530) and the first conductivity type semi-
conductor layer (133).

The SiC semiconductor device of any preceding
claim, comprising a plurality of first conductivity
type well regions (237) spaced apart in a first direc-
tion and a plurality of second conductivity type well
regions (235) spaced apart in the first direction,

wherein a gate trench (GT) is between the
plurality of first conductivity type well regions
(237), and the gate trench (GT) is between the
plurality of second conductivity type well re-
gions (235),

wherein the gate insulating layer (151) and the
gate electrode (150) are in the gate trench
(GT), and

wherein the gate electrode (150) overlaps the
first conductivity type well regions (237) and
the second conductivity type well regions
(235) in the first direction.

The SiC semiconductor device of any of claims
1-9, comprising a second conductivity type pillar
layer (233) between the buffer layer (510, 520,
530) and the second conductivity type well region
(135).

The SiC semiconductor device of claim 11, com-
prising a plurality of first conductivity type well re-
gions (237) spaced apart in a first direction and a
plurality of second conductivity type well regions
(235) spaced apart in the first direction,

wherein the first conductivity type semiconduc-
tor layer (231) is between the plurality of first
conductivity type well regions (237), and the
first conductivity type semiconductor layer
(231) is between the plurality of second con-
ductivity type well regions (237),

wherein the gate insulating layer (251) and the
gate electrode (250) are on an upper surface
of the first conductivity type semiconductor
layer (231), and

wherein the gate electrode (250) overlaps the
plurality of first conductivity type well regions
(237) and the plurality of second conductivity
type well regions (235) in a direction perpendi-
cular to the upper surface of the first conduc-
tivity type semiconductor layer (231).

The SiC semiconductor device of any preceding
claim,

wherein the first conductivity type is n-type and the
second conductivity type is p-type.

14. The SiC semiconductor device of any preceding

10

15

20

25

30

35

40

45

50

55

30

EP 4 827 267 A1

15.

58

claim,
wherein the buffer layer (510, 520, 530) has the
first conductivity type.

The SiC semiconductor device of any preceding
claim,

wherein a thickness of the first buffer layer (511,
521, 531) is greater than 0 nm and less than or
equal to 30 nm.
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